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Abstract

Background: Despite increasing medical cannabis use, research has yet to establish whether and to what extent products containing delta-9-
tetrahydrocannabinol (THC) impact driving performance among patients. Stable doses of prescribed cannabinoid products during long-term treatment
may alleviate clinical symptoms affecting cognitive and psychomotor performance.

Aim: To examine the effects of open-label prescribed medical cannabis use on simulated driving performance among patients.

Methods: In a semi-naturalistic laboratory study, 40 adults (55% male) aged between 23 and 80years, consumed their own prescribed medical
cannabis product. Driving performance outcomes including standard deviation of lateral position (SDLP), the standard deviation of speed (SDS), mean
speed and steering variability were evaluated using the Forum8 driving simulator at baseline (pre-dosing), 2.5h and 5-h (post-dosing). Perceived
driving effort (PDE) was self-reported after each drive. Oral fluid and whole blood samples were collected at multiple timepoints and analysed for THC
via liquid chromatography-mass spectrometry.

Results: A significant main effect of time was observed for mean speed (p=0.014) and PDE (p=0.020), with patients displaying modest stabilisation
of vehicle control, increased adherence to speed limits and reductions in PDE post-dosing, relative to baseline. SDLP (p=0.015) and PDE (p=0.043)
were elevated for those who consumed oil relative to flower-based products. Detectable THC concentrations were observed in oral fluid at 6-h post-
dosing (range=0-24ng/mL).

Conclusions: This semi-naturalistic study suggests that the consumption of medical cannabis containing THC (1.13-39.18 mg/dose) has a negligible
impact on driving performance when used as prescribed.
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framework, patients are given a prescription for a specific can-
nabinoid product, rather than the liberty to procure any form of
cannabis from a dispensary. This approach ensures strict con-
trols and medical oversight over the medicinal use of cannabis,
similar to how traditional medications are prescribed, with
pharmacy labels explicitly detailing dosage and frequency of

Introduction

The use of medical cannabis has increased significantly in recent
years (Bilbao and Spanagel, 2022; Boehnke et al., 2022; Hallinan
and Bonomo, 2022; Ruheel et al., 2021). Emerging, yet limited
evidence suggests that delta-9-tetrahydrocannabinol (THC), the

intoxicating component in cannabis that is often found in medical
cannabis preparations, may have therapeutic potential for a range
of refractory medical conditions, such as chronic pain, epilepsy
and multiple sclerosis (Morano et al., 2020; Urtis et al., 2019).
The clinical utility of THC, however, is mired by ongoing con-
cerns around its potential to impair driving performance and cog-
nitive function (Perkins et al., 2021). Despite patients’ prescribed
cannabis consumption patterns differing from those of recrea-
tional users, research has yet to determine the relationship between
THC and driving performance in patients (Schlag et al., 2021).
Although prior acute drug administration research has estab-
lished that cannabis can impair driving (Hartman and Huestis,
2013), the application of these findings to patients who are
receiving long-term, stable treatment with medical cannabis is
uncertain (Arkell et al., 2020b). This is because previous
research has primarily focused on investigating the effects of
intentionally intoxicating doses of THC on healthy volunteers
(see McCartney et al., 2021). Under the Australian regulatory

use. This is in marked contrast to recreational usage, where con-
sumption rates are typically irregular and primarily driven by
the pursuit of psychoactive effects, rather than the management
of health conditions and symptoms (Omare et al., 2021; Turna
et al., 2020). These key differences underscore the need for
research that focuses on providing safety-relevant data specifi-
cally tailored to patient populations.
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Medical cannabis patients report significant enhancements
across various health-related quality-of-life domains and a reduc-
tion in functional limitations over time (Arkell et al., 2023).
Despite the inherent limitations due to the observational and self-
reporting nature of the studies, these findings suggest that when
used as prescribed for the management of underlying medical
conditions, treatment with medical cannabis does not necessarily
impair functional driving capabilities (MacCallum and Russo,
2018). This potential lack of adverse impact may stem from its
efficacy in relieving symptoms such as pain, or improving spas-
ticity, which may consequently reduce distractions and enhance
the physical fitness required for driving (Rekand, 2014). With the
effective management of chronic health conditions and potential
mitigation of negative symptoms, it is plausible that changes in
driving performance are limited and may even be improved in
medical cannabis users (Celius and Vila, 2018).

Individuals prescribed long-term medical cannabis often
report that their driving ability remains largely unaffected, lead-
ing to a reduced perception of associated risks (Wickens et al.,
2019). Limited research exists on whether self-reported driving
quality corresponds to actual cannabis-related changes in driv-
ing performance, with the perception of driving ability also
likely to vary depending on factors such as route of administra-
tion, tolerance and frequency of use (Arkell et al., 2020a).
Inhaled and oral cannabinoid products present unique pharma-
cokinetic profiles, which, in turn, produce variations in actual
and perceived drug effects, primarily due to differences in
absorption, peak and metabolic distribution (Spindle et al.,
2019; Vandrey et al., 2017). Inhaled cannabinoid products have
a quicker onset of action and a shorter peak effect due to the
rapid absorption through the lungs, in contrast to oral products
which exhibit a slower onset and longer duration of action
(O’Brien and Blair, 2021). The diverse usage of medical can-
nabis between patient groups and varied peak effects suggest its
impact on driving likely differs by product formulation and
administration route (Turna et al., 2020). Further investigation
is therefore needed to understand the relationship between vari-
ous medical cannabis forms, their impact on driving ability and
potential alterations in subjective outcomes between vaporised
and oral products.

Understanding the impact of therapeutic doses of THC on
driving performance is crucial for informing policy, clinical rec-
ommendations and patient education (MacCallum et al., 2021;
Perkins et al., 2021). Evaluating potential risks to both the driver
and other road users will contribute to preserving road safety and
reducing the public health burden of traffic injuries (Tement
et al., 2020). In addition, investigating the relationship between
medical cannabis use and subjective changes in perceived driv-
ing ability and effort may provide further insights into self-
awareness of driving ability as well as compensatory strategies
employed by patients and potential tolerance effects (Sevigny,
2021).

Considering this, the present study aimed to characterise the
effect of prescribed medical cannabis products on simulated driv-
ing performance, in a sample of patients with a range of chronic
health conditions. Furthermore, this research explored whether
medical cannabis use is associated with subjective changes in
perceived driving quality or effort.

Methods
Participants

This semi-naturalistic study consisted of 40 adults, including 22
males (55%) and 18 females (45%), aged between 23 and 80 years
(M=41.38,SD = 12.65), with an average BMI 0f27.6 (SD = 5.3).
Participants were recruited via posters displayed in pharmacies
and medical cannabis dispensaries throughout Melbourne,
Australia. All participants had been prescribed medical cannabis
containing THC for refractory conditions, including, but not lim-
ited to, sleep disorders, chronic pain, inflammatory, gastrointesti-
nal, movement and respiratory conditions. Inclusion criteria
specified that participants must be fluent in written and spoken
English, possess a full driver’s license (current or expired/lapsed
within the past 12months), and be able to attend a single, in-
person 7-h testing session without using medical cannabis more
than once. Participants were excluded if they were pregnant, lac-
tating or unable to abstain from illicit drug use for 7 days prior to
testing. All participants provided written informed consent. The
project received approval from the Swinburne University of
Technology Human Research Ethics Committee and the study
protocol was registered with the Australian and New Zealand
Clinician Trials Registry (ACTRN12621001205820). The trial
was conducted in accordance with Good Clinical Practice guide-
lines and the ethical standards of the Declaration of Helsinki.

Measures

Driving simulator. Driving performance was evaluated using
the Forum8 driving simulator at three timepoints (baseline, 2.5h
and 5h after self-administration). Each drive comprised a 20-min
highway scenario, where participants were instructed to maintain
a steady lateral position in the left lane and a constant speed of
100km/h. The simulator features an adjustable car seat, dash-
board, steering wheel, indicators, brake, accelerator pedals and
three integrated monitors that display a realistic scenario. The
driving scenario, developed by Forum8 and customised for Aus-
tralian traffic scenarios, has previously been shown to be sensi-
tive to drug- and alcohol-related driving impairment (Aitken
et al., 2023; Manning et al., 2023; Shiferaw et al., 2019). Key
performance outcomes included the standard deviation of lateral
position (SDLP) — a gauge of the vehicle’s lateral placement
within the driving lane, often equated with the degree of vehicu-
lar weaving — in addition to standard deviation of speed (SDS),
mean speed and steering variability. These outcomes are com-
monly employed in the evaluation of driving proficiency and are
indicative of operational control and driving performance
(McCartney et al., 2021; Verster and Roth, 2011).

Perceived driving assessment. Perceived driving quality and
effort were assessed immediately following the completion of
each simulated driving task. The Perceived Driving Quality
Scale, developed by Verster and Roth (2012), consists of a Visual
Analogue Scale (VAS) ranging from 0=°I drove exceptionally
poorly’ to 100="I drove exceptionally well’, with a midpoint of
50=°I drove normally’. The assessment of Perceived Driving
Effort (PDE) was conducted using a VAS, which ranged from
0="‘absolutely no effort’ to §="‘extreme effort’.
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Figure 1. Testing day study procedure.

Procedure

Participants who had consented to be contacted for further infor-
mation about the study were emailed the Participant Information
Consent Form and a link to an online screening questionnaire
hosted on a secure web platform (Qualtrics). The first section of
the questionnaire evaluated essential eligibility criteria, including
age, confirmation of a current medical cannabis prescription and
the ability to attend a single 7-h session with restricted cannabis
use. Ineligible participants were notified, and eligible partici-
pants proceeded to the second part of the questionnaire, capturing
demographic and drug use/medical history. Participants were
then asked for their phone number and consent for further con-
tact. Eligible participants were assigned a unique identifier and
attended an in-person testing session at Swinburne University of
Technology. Written informed consent was obtained, and demo-
graphic and medical history were confirmed by the research
nurse. Participants completed baseline assessments, including
biological sampling, and an online questionnaire and practiced
the simulated driving task prior to self-administering their pre-
scribed medical cannabis product under the supervision of the
researchers. Drug-effect questionnaire results are presented else-
where (Arkell et al., 2023) alongside cognitive assessments. The
study schedule for the testing day is depicted in Figure 1.

In consideration of the onerous demands posed by the 7-h
testing session, especially for patients with considerable health
conditions, the study protocol included provisions for multiple
rest periods. During these breaks, patients were offered a private
space where they could recuperate and were given the option to
lie down, reducing the likelihood of fatigue between tasks.
Participants remained at the testing site until deemed safe to
leave by the research nurse. Upon completion, participants
received a handout outlining post-study restrictions, a taxi
voucher to provide transport home from the testing site ($50) and
monetary reimbursement for their time of $100. Participants
were advised to not drive or ride a bicycle or motorbike to or
from the testing site and refrain from alcohol and illicit drugs for
24 after leaving the testing site.

Drug administration and biological sampling

Cannabinoid  treatments. The study protocol permitted
patients to consume their medical cannabis product as prescribed

on the day preceding their scheduled visit; however, they were
required to abstain on the day of the testing session. Given that
participants used medication for a variety of conditions, this pro-
tocol may have introduced some degree of variability with
respect to the timing of the last consumption. Prior to the com-
mencement of the testing session, the accuracy of information
provided by participants regarding their prescribed medical can-
nabis product and dose was confirmed by two study members.
This was done first by the researcher by citing a copy of each
participant’s medical cannabis prescription and secondly by con-
firming the prescription details with the research nurse. All treat-
ments were administered in accordance with the participant’s
active prescription, although patients’ use of vaporised medical
cannabis in this study may not perfectly reflect their maximum
prescribed dose. The THC/ cannabidiol (CBD) dose for cannabis
flower was determined using the THC/CBD percentage indicated
on the product label, coupled with the mass of the plant material
in milligrams. By contrast, the THC/CBD dose for oil-based
products was ascertained based on the concentration in milli-
grams per millilitre (mg/mL) of THC/CBD in the product and the
volume ingested in millilitres.

Oral fluid and whole blood sampling. Time-matched oral
fluid and venous whole blood samples were collected at baseline,
and at 1, 2, 4 and 6h after self-administration. The Pathtech™
Oral Fluid Collection Kit was used to gather approximately 1 mL
of oral fluid each time, resulting in a total of 5mL per session.
These samples were then stored at —20°C and analysed by Racing
Analytical Services Limited as per the Australian/New Zealand
Drug Testing Standard (AS/NZS 4308:2008). A registered
research nurse obtained 10mL of whole blood via a peripheral
venous cannula, which was inserted into the participant’s non-
dominant arm. Samples were immediately stored at —80°C with-
out centrifugation and subsequently batch-shipped on dry ice to
the Victorian Institute of Forensic Medicine for quantification of
THC via liquid chromatography-mass spectrometry (LC-MS).
Upon completion of analyses, all samples were destroyed.

Statistical analyses

To account for variability in performance upon commencing
the driving task, outcome data were analysed from when par-
ticipants reached 90 km/h, as performed previously by Hayley
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Table 1. Participant demographics and characteristics, displayed as percentage (%) or mean (standard deviation, =SD).

Participant characteristic

N (%) or mean (SD)

Sex (male/female)

Age (years)

Body mass index (kg/m?)
Ethnicity (%)

Education (%)

Employment status (%)

Route of administration no. (%)
Cannabinoid dominance no. (%)
Indication no. (%)*

Medication no. (%)*

Alcohol consumption (%)

22/18

41.38 (12.66)

27.60 (5.29)

Caucasian (95), Middle Eastern (5)

Secondary (25), tertiary (65), postgraduate (10)

Full-time (40), part-time/casual (25), unemployed/retired (35)

0il 23 (57.5), flower 17 (42.5)

THC dominant 23 (57.5), balanced 15 (37.5), CBD dominant 2 (5)

Chronic non-cancer pain 20 (50), sleep disorder 18 (45), anxiety 11 (27.5), depression 4 (10), PTSD 4 (10),
gastrointestinal condition 3 (7.5), cancer pain 1 (2.5), neurological disorder 1 (2.5)

Antidepressants 16 (40), non-opioid analgesics 14 (35), benzodiazepines 8 (20), CNS stimulants 8 (20), opioid
analgesics 5 (13), anticonvulsants 5 (13), antipsychotics 2 (5)

= weekly (22.5), = monthly (47.5), < monthly (30)

THC: delta-9-tetrahydrocannabinol.

“As multiple selections could be made, cells may exceed 100%.

et al. (2018). Prior to analyses, data were evaluated for com-
pleteness, with standard residuals and sensitivity analyses per-
formed to identify and manage outliers. Linear fixed effects
models with Restricted Maximum Likelihood Estimation were
used to investigate differences in driving performance and
perceived driving outcomes. Fixed factors included time
(three levels), route of administration (two levels) and their
interaction, with separate models built to investigate each out-
come. The likelihood ratio statistic determined Compound
Symmetry as the best-fitting covariance structure. Post hoc
paired #-tests with planned Bonferroni adjustments for multi-
ple comparisons were conducted to further explore differences
where interaction or main effect was observed. Variables
including median THC dosage split, sex and age were consid-
ered in separate models as covariates but did not account for
any significant variance beyond that explained by the route of
administration or product modality, and thus were not retained
in the final model. Linear regressions were used to investigate
associations between THC concentrations in oral fluid and
whole blood with actual or perceived driving performance. All
analytical procedures were two-tailed with statistical signifi-
cance defined as p <0.05 and were performed in SPSS (ver-

sion 28).

Results

Participant characteristics

Participant demographics and characteristics for the total sample
(N=40) are presented in Table 1, and a CONSORT diagram is
depicted in Figure 2. The mean THC dose in prescribed medical
cannabis products was 9.61 mg (*8.52) for oil products and
37.00mg (*+42.53) for flower products. The mean CBD dose in
prescribed medical cannabis products was 9.15mg (*=10.11) for
oil products and 0.38mg (*=1.58) for flower products. Most
patients (92.5%) had been using their prescribed medical canna-
bis product for more than 30 days at their time of registration into
the trial with an average treatment duration of 10.18 months

(£8.73).

T

g Assessed for

E ellglblllly (n=60) Excluded (n=7)

& - Declined to participate
(n=4)
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Figure 2. Participant CONSORT flow diagram.

Driving performance

Summary data including means and standard deviations (*) and
linear fixed effects model results for simulated and perceived
driving outcomes are presented in Table 2.

Differences in driving performance outcomes SDLP, SDS,
mean speed and steering variability between baseline, 2.5h and
5h post-treatment administration are displayed in Figure 3.

A significant main effect of the route of administration on
SDLP was observed (p=0.015); however, the main effect of time
and the time X route of administration interaction was non-sig-
nificant. Post hoc comparisons revealed that patients who
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Table 2. Mean (SD) scores and linear fixed effects model results for simulated and perceived driving performance outcomes.

Outcome Drive 1 (baseline)  Drive 2 (2.5h) Drive 3 (5h) Time Route of administration ~ Time X route of
administration

SDLP 29.13 (6.57) 29.60 (6.93) 28.95 (6.58) F75=0.279, F(155)=6.483, Fio75=0.540,
p=0.757 p=.015 p=0.585

SDS 2.04 (1.07) 1.85 (0.89) 1.77 (0.73) Fo,75=3.694,  F;35=0.509, Fio75=1.081,
p=0.030 p=0.480 p=0.345

Mean speed 96.88 (3.41) 96.88 (3.31) 97.70 (2.87) Fio75=4.549,  Fy35=0.408, Fio.75=1.685,
p=0.014 p=0.527 p=0.192

Steering variability ~ 0.0024 (0.0016)  0.0022 (0.0015)  0.0023 (0.0019) 45 =0.235, Fr1,37=0.990, Fio70=1.623,
p=0.791 p=0.326 p=0.204

PDQ 60.59 (21.29) 55.87 (18.06) 59.00 (20.70)  F(;5=2.101, Fiy3=2.799, Fio.73=0.360,
p=0.130 p=0.103 p=0.699

PDE 3.64 (1.41) 3.62 (1.29) 3.03 (1.13) Fo72)=4107,  F(;35=4.381, Fio.72=1.065,
p=0.020 p=0.043 p=0.350

SDLP: standard deviation of lateral position; SDS: standard deviation of speed; PDQ: perceived driving quality; PDE: perceived driving effort; missing data were present for (N=1)
at 5h for SDLP, SDS, mean speed and steering variability; (N=1) at baseline for PDQ and PDE; (N=1) at 2.5h for PDE; and (N=2) at 5h for PDQ. Significant effects in bold.

self-administered oil products exhibited a higher SDLP than
those who used flower products at baseline (95% confidence
interval [CI] 0.001-0.082, p < 0.05), 2.5h (95% CI 0.015-0.096,
p<<.01) and 5h (95% CT 0.005-0.087, p <0.05).

In the case of SDS, the main effects of the route of administra-
tion and the time X route of administration interaction were non-
significant. A significant main effect of time was observed for
SDS (p=0.030); however, post hoc comparisons over time within
treatment modalities were not statistically significant after cor-
recting for multiple comparisons.

A significant main effect of time on mean speed was observed
(»=0.014); however, the main effect of the route of administra-
tion and the time X route of administration interaction were non-
significant. Post hoc comparisons revealed that patients’ mean
speed increased at 5h (95% CI 0.363-2.395, p<0.01) and 2.5h
(95% CI1 0.109-2.141, p <0.05), relative to baseline. Univariate
tests further revealed that mean speed predominantly increased in
oil users (p=0.003) rather than in patients who consumed flower
products (p=.483).

The main effects of time, route of administration and the
time X route of administration interaction were non-significant
for steering variability.

Perceived driving

Route of administration differences in subjective PDE and qual-
ity are displayed in Figure 4.

The main effect of the time route of administration and the
time X route of administration interaction were non-significant
for PDQ.

In the case of PDE, a significant main effect of both time
(»=0.020) and route of administration (»p=0.043) was observed
but not their interaction. Post hoc comparisons revealed that
patients reported reduced PDE at 5h relative to both baseline
(95% CI—1.512 to —0.140, p < 0.05) and 2.5h (95% CI —1.422 to
—0.049, p <0.05). Univariate tests further reveal that this reduc-
tion in PDE over time was again predominantly observed in oil
users (p=.008) compared to patients who consumed flower prod-
ucts (p=0.613). Post hoc comparisons also revealed that patients

who consumed medical cannabis products in an oil form reported
greater PDE relative to those who used flower products, predom-
inantly at baseline (95% CI 0.122—-1.734, p <0.05).

Biological sampling

Summary data including medians (1) and ranges for oral fluid
and whole blood THC concentrations (ng/mL) are presented in
Table 3. Oral fluid THC concentrations ranged from 0.00 to
2937.95ng/mL (n=3.0ng/mL) across all timepoints and treat-
ment modalities. Observable THC concentrations were present
in oral fluid at baseline for 16 patients evenly split between oil
and flower users (N=7.93 vs 11.93ng/mL, respectively). Oil
products showed the greatest THC concentration variability,
ranging from 0.00 to 2937.95ng/mL at 1h, compared to vapor-
ised flower products which ranged from 0.00 to 101.00ng/mL
(Figure 5).

Whole blood THC concentrations ranged from 0 to 32.8 ng/mL
(m=1.5ng/mL) across all timepoints and treatment modalities.
Observable THC concentrations were present in whole blood at
baseline for 21 patients across both oil (N=10) and vaporised
flower (N=11) products (n=2.05 vs 1.4ng/mL, respectively).
Median THC concentrations were higher for vaporised products
overall and across all time points (3.05ng/mL) relative to oil
products (0.9ng/mL). Oil products, however, showed greater
THC concentration variability, ranging from 0.00 to 32.8 ng/mL
with the greatest variation at 2h, compared to flower products
which ranged from 0.00 to 19.6 ng/mL with the greatest variation
at 1 h.

Discussion

In this open-label semi-naturalistic study, simulated and per-
ceived driving performance among 40 patients was assessed
prior to and following self-administration of their own prescribed
medical cannabis product. While oil users tended to have higher
SDLP values, this was stable over time and there was no evi-
dence of impairment for either administration route. Furthermore,
the lack of changes in speed variability suggests a modest but
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Figure 3. Driving performance outcomes between baseline, 2.5h and 5h post-administration, stratified by route of administration (error bars

represent 95% confidence interval).

sustained stabilisation of vehicle control. Interestingly, there was
also a significant increase in average speed at 5h, in comparison
to both baseline and the 2.5h mark, with this increase in speed
reflecting a greater accuracy in adhering to the assigned speed
limit. Critically, no notable evidence of driving impairment (i.e. a
significant decline in driving performance metrics within the
simulated driving scenario) was observed for either consumption
modality, relative to baseline.

Contrary to our findings, Di Ciano et al. (2020) observed
reductions in mean speed during simulated driving scenarios
requiring higher cognitive load but not during highway driving
conditions. Preceding studies primarily involving cannabis naive
users have also more frequently associated acute cannabis use
with an increase in speed variability and a general decline in
average speed when using smoked or vaporised forms of canna-
bis (Brands et al., 2019; Lenné et al., 2010; Ronen et al., 2008).
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Figure 4. Perceived driving quality and effort between baseline, 2.5h and 5h post-administration, stratified by route of administration (error bars

represent 95% confidence interval).

Table 3. Oral fluid and whole blood concentrations of THC (ng/mL) for the total sample, stratified by route of administration (oil/vaporised) and

timepoint.

Timepoint  Oil Flower

Total

Oral fluid Whole blood Oral fluid

Whole blood Oral fluid Whole blood

N Median (range) N Median (range) N

Median (range)

N Median (range) ~ N* Median (range) N** Median (range)

Baseline 22  0(0-12.50) 22 0 (0-30.70) 17 0 (0-35.60) 15 1.10 (0-6.30) 39 0 (0-35.60) 37 0.50 (0-30.70)
1h 23 20.00 (0-2937.95) 23 1.30 (0-20.20) 17 10.30 (0-101.00) 16 7.00 (4.00-19.60) 40 17.58 (0-2937.95) 39 3.30 (0-20.20)
2h 23 6.00 (0-58.80) 22 1.70 (0-32.80) 17 3.00 (0-20.25) 15 4.00 (1.10-9.70) 40 4.65 (0-58.80) 37 3.00 (0-32.80)
4h 23 2.85 (0-34.65) 19 0.90 (0-19.10) 17 2.95 (0-12.20) 14 2.25 (0-8.60) 40 2.90 (0-34.65) 33 1.40 (0-19.10)
6h 22 0(0-15.15) 13 0.60 (0-19.80) 16 0 (0-24.00) 8 1.05(0-7.70) 38 0 (0-24.00) 21 0.80 (0-19.80)

THC: delta-9-tetrahydrocannabinol.

“One sample excluded at the baseline due to erroneous reporting of result (confirmed with time-matched whole blood sample); **Two missing samples occurred at 6 h
(final sample) due to participant factors (needing to leave the testing site due to long commute). A total of 33 whole blood samples were not collected over a range of

time points due to patient preference.

Decreases in average speed are often inversely and dose depend-
ently related to THC concentration. A comprehensive review by
Neavyn et al. (2014) suggests that this behaviour is largely attrib-
uted to drivers’ attempts to compensate for attention lapses when
they are conscious of the subjective effects linked with cannabis-
induced intoxication. In our study, a marginal increase in average
speed was observed, this increase did not exceed the instructed
speed limit of 100 km/h. This increment of <1 km/h could also be
more simply attributed to participants’ desire to complete the task
swiftly after a long day, despite the scenario being timed rather
than distance based. This contrasts with the habitual over-cau-
tious driving behaviour of cannabis-intoxicated individuals, who
typically exhibit compensatory or unnecessary reductions in
speed. Notably, such caution is more characteristic of occasional
cannabis users who are acutely intoxicated. By contrast, patients
in our study exhibited only mild intoxication, potentially reflect-
ing increased tolerance or familiarity with cannabis’ effects

(Ramaekers et al., 2020). This may explain the relatively stable
speed and reduced likelihood of speed variability exhibited,
which aligns with findings by Doroudgar et al. (2018) and sug-
gests an adaptation to driving demands and a departure from the
heightened caution seen in less frequent users.

The absence of a discernible increase in SDLP, a measure fre-
quently considered sensitive in assessing driving performance
(Hartman and Huestis, 2013), was somewhat unexpected. This is
especially so, given substantial prior research demonstrating that
THC consumption reliably increases SDLP in both simulator and
on-road paradigms (Arkell et al., 2020b; Bosker et al., 2012;
Hartman et al., 2015; Ramaekers et al., 2000). Even at relatively
low THC dosages of 5 mg, a statistically significant, although not
ecologically substantial, increase in vehicle weaving remains dis-
cernible compared to placebo (Manning et al., 2023). These dos-
ages are markedly below those used in the current study (9.61 mg
for oil products vs 37.00mg for flower products), and also
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Figure 5. Oral fluid THC concentrations, stratified by route of administration (lines represent medians and dots represent individual patient THC

concentrations showing variability across the sample).
THC: delta-9-tetrahydrocannabinol.

significantly lower than those commonly employed in a myriad
of other experimental driving studies (Arkell et al., 2020b).

To contextualise our findings within an ecological frame-
work, it is noted that an increase in SDLP of 2.4 cm is generally
considered ‘ecologically significant’, as this degree of deviation
is comparable to that observed at a blood alcohol concentration
0f 0.05% (Verster and Roth, 2011). Noteworthily, absolute SDLP
values in this patient group across all drives (spanning 28.95—
29.13cm) display little difference compared to what has been
recorded in healthy volunteers during a placebo condition
(27.41 cm) under identical driving scenario conditions and simi-
lar demographic characteristics (Manning et al., 2023).
Differences in SDLP between healthy placebo-controlled volun-
teers and the medical cannabis patients in our study, along with
the fluctuations in SDLP among these patients over time, did not
meet this established ‘ecologically significant’ threshold.

Interestingly, patients who self-administered oil products
exhibited a higher SDLP overall relative to those who used
flower products. The persistence of differences in SDLP at base-
line suggests that the variations observed between treatment
modalities may not be directly attributable to product exposure.
Initially, those using oil-based products reported exerting signifi-
cantly more effort while driving relative to those using flower-
based products. This difference gradually declined, with oil users
reporting a considerable decrease in effort by their final drive,
aligning them more closely with flower product users. This
change indicates that for those consuming oil products, the per-
ceived mental or physical demand for driving decreased over
time. This reduction in perceived effort during later drives could
be attributed to adaptation to the oil-based product’s effects, or
simply greater familiarity with the driving task; although it is also

possible that flower users may have already become accustomed
to the effects of their prescribed vaporised product prior to the
post-dosing driving tasks. It is important to consider that factors
such as individual differences in drug metabolism and tolerance
may influence self-reported perceived effort levels and that these
self-reported effort levels do not necessarily correlate with actual
driving performance.

The prolonged acute intoxication associated with oral THC
products and the more gradual onset of effects may partly explain
the differences in drug-effect profiles (Vandrey et al., 2017).
Users who consumed their treatment via vaporisation may have
experienced diminished drug effects by the time they commenced
the driving task. Variations in daily or nightly usage patterns
could also have impacted these results, as patients who ingest
their medical cannabis orally the night before (i.e. as a sleep aid)
may have experienced residual effects the following morning.
The observed disparities in baseline performance between differ-
ent routes of administration may also be partially attributed to the
high variability in both oral fluid and whole blood THC concen-
trations, particularly among oil users.

A previous report indicated that driving impairment following
THC vaporisation may linger for up to 4.5h in healthy users
(Marcotte et al., 2022). By contrast, the utilisation of medical
cannabis for intractable health conditions may attenuate the
adverse impacts on cognitive and psychomotor functions often
associated with the clinical symptoms of these conditions
(Makhoul and Jankovic, 2023). This is particularly evident in
chronic cannabis users who exhibit fewer neurocognitive deficits
compared to infrequent users (Ramaekers et al., 2009). Existing
research supports these findings, albeit derived primarily from
self-reported evidence, which suggests a therapeutic role for
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medical cannabis in managing clinical symptoms commonly
associated with cognitive and psychomotor impairment (Eadie
et al., 2021; MacCallum et al., 2022). Specifically, patients who
routinely administer medical cannabis for chronic conditions
may develop a tolerance to the prototypical THC-induced impair-
ments in driving abilities that are more pronounced in occasional
or inexperienced users, thereby potentially reducing the impact
of THC on driving competency seen in otherwise healthy sub-
jects (Celius and Vila, 2018; Freidel et al., 2015; Veldhuijzen
et al., 2006).

Prior research suggests that recreational and/or infrequent
THC use can impair driving performance; however, this effect is
thought to be less pronounced in habitual users, particularly
patients who adhere to a stable and regular dose of a prescribed
medical cannabis product (MacCallum and Russo, 2018). It is
posited that tolerance to the effects of THC among chronic users
may result in significantly reduced intoxication and/or impair-
ment with a given dose of THC relative to occasional cannabis
users (Doroudgar et al. 2018; Ramacekers et al., 2021). A similar
mitigation of impairment could therefore extend to medical can-
nabis patients who are undergoing long-term treatment and
adhere to maintaining a steady dosing regimen. As with other
psychoactive medications, consistent and stable dosing may min-
imise instances of impaired driving, with tolerance development
further mitigating potential impacts on driving competence
(Verster and Mets, 2009). The effective management of chronic
health conditions may offset potential negative symptomatic
effects, leading to limited changes or even improvements in driv-
ing performance (Celius and Vila, 2018).

Outside of treatment effects related to dose, mode and timing
of acute cannabis administration, the development of cannabis
tolerance may attenuate certain acute driving and psychomotor
performance deficits (Sevigny, 2021). More recent evidence
from higher dose and more frequent cannabis users suggests the
role of pharmacodynamic models of tolerance, where repeated
cannabis exposure leads to neuroadaptive responses dulling acute
effects (Colizzi and Bhattacharyya, 2018; Ramackers et al.,
2020). The absence of clear driving impairment in the current
study, despite performance variations between routes of adminis-
tration, likely indicates at least some mitigation of drug effects
due to symptom relief and a potential acquired tolerance to
THC’s impairing effects. It remains important to consider that the
observed effects may be, in part, influenced by patients being
highly motivated to demonstrate their driving is not impaired by
cannabis. While this suggests that patients can overcome THC-
related impairment that might have otherwise been present in an
observational study setting, this still may not fully represent the
real-world driving scenario, where such motivation to demon-
strate unimpaired driving is less pronounced. Lastly, an absence
of observable driving impairment could be due to the relatively
low THC doses in medical cannabis products consumed or that
patients’ driving abilities were compromised prior to consump-
tion of their medical cannabis product.

Limitations and future research

This study is not without its methodological limitations, which
warrant consideration. Firstly, the semi-naturalistic, open-label
design, whilst ecologically valid, introduces high variability in
prescribed medical cannabis products consumed, patterns of

prescribed use, indications for use and use of other prescribed
medication. It is important to highlight the high level of concomi-
tant medication use in this patient sample, especially medications
that can themselves impair driving, such as antidepressants, ben-
zodiazepines and opioids (Aitken et al., 2023; Dassanayake et al.,
2012). We acknowledge that the use of these medications in com-
bination with medical cannabis may produce additive or syner-
gistic effects, although one would expect particularly pronounced
driving impairment in the case of any such interactive effects. By
including participants who were using other potentially impair-
ing medications alongside medical cannabis, we hoped to max-
imise generalisability to the broader medical cannabis-using
population and generate data with real-world relevance.

Secondly, the absence of a placebo control group indeed lim-
its our ability to discriminate between baseline performance and
the potential residual effects of medical cannabis; however, it
would be neither conceptually sound nor ethically appropriate to
deprive these patients of using their medication as therapeutically
indicated. The absence of a testing interval shortly after cannabis
vaporisation is another limitation, as peak impairment typically
occurs within the first 60min following cannabis inhalation
(Arkell et al., 2019). Consequently, we acknowledge that impair-
ment may have already subsided by this point. Lastly, we
acknowledge that the low complexity and task-level monotony of
the driving scenario may have concealed the full magnitude of
effects on lateral vehicle control and does not reflect the full
spectrum of driving challenges. Nevertheless, this approach rep-
licates the on-road driving paradigm utilised by Ramaekers
(2017, which allows for a standardised analysis of THC’s influ-
ence on fundamental driving abilities. Information regarding
where and how medical cannabis users get into collisions is non-
existent as epidemiological data cannot discriminate medicinal
from recreational THC. While the driving scenario in our study
may have been less complex, it was intentionally chosen for its
high reliability in identifying driving impairment due to drug
effects (Verster and Roth, 2017).

Despite these limitations, this research provides a foundation
for future investigations into the effects of medical cannabis on
driving performance and offers preliminary evidence suggesting
minimal to no impairing effects on objective driving perfor-
mance when medical cannabis is used as prescribed. Future
research should endeavour to further clarify the nuanced effects
of medical cannabis use on driving behaviour, particularly
regarding the impact of therapeutically relevant THC doses on
measures of driving performance and associated psychomotor
control in clinical populations. It is essential, however, that
these studies consider the effects from the onset of use over a
more extended period (McCartney et al., 2021). Future investi-
gations would also greatly benefit from integrating more com-
plex driving tasks to detect potential medical cannabis effects
with enhanced sensitivity.

Conclusion

Overall, this semi-naturalistic study suggests that medical canna-
bis, used as prescribed, has a negligible impact on simulated driv-
ing performance. Despite the absence of observable driving
impairment within the present scenario, patients had detectable
concentrations of THC in their oral fluid for a duration of up to 6 h.
By focusing on patients consuming prescribed THC-containing
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products at therapeutic doses, this study provides critical safety
and clinically relevant data that is more representative of real-
world medical cannabis use and its potential impact on driving
performance. Larger and more controlled trials are necessary to
validate and confirm these findings in establishing more definitive
conclusions regarding road safety.
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