Association of driving with blood THC: A systematic review
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Summary

Background: Driving under the influence of cannabis increases the risk of motor vehicle collisions. In
some jurisdictions, deterrence rests on the ability to detect delta-9-tetrahydrocannabinol (THC) in blood.
Recent evidence suggests that there may be a nuanced relationship of blood THC to driving. The
purpose of this systematic review was to summarize all published papers investigating the presence of a
relationship between blood THC and driving, primarily measured by simulated driving in the lab.

Methods: The systematic review was completed according to PRISMA, and the protocol was pre-
registered (PROSPERO CRD42023493758). All peer-reviewed studies that measured the strength of the
linear relationship between driving outcomes and blood THC, up to September 2023 were included. The
studies were appraised using SIGN Methodology Checklists. The main outcomes assessed included
‘weaving’/lateral control (e.g., standard deviation of lateral position (SDLP)), speed, car following
(following distance; coherence), reaction time, and overall driving performance.

Findings: Of the 4,845 records from the literature search, only 12 met the criteria. 10 of these
reported no significant linear correlations between blood THC and measures of driving (8 out of 9 for
‘weaving’/lateral control, 4 out of 5 for speed, 2 of 3 for car following tasks (coherence / headway
maintenance task), 1/1 for reaction time, 3/3 for overall driving performance). The studies that did find
an association between driving and blood THC employed complex driving situations.

Interpretation: This synthesis has important implications for road safety given driving situations
can be complex due to challenging road situations and increases in potency of cannabis over the past
years. Current methods of detection of impairment may be suited to some types of situations but more
large-scale studies on the relationship of blood THC and driving are needed that systematically vary
driving complexity and cannabis potency.

Funding: This study did not receive specific funding.



Introduction

Cannabis increases the risk of a motor vehicle collision 6, and one method of deterring driving after use
of cannabis rests on the ability to detect delta-9-tetrahydrocannabinol (THC) in the blood of the driver.
The THC concentration in the blood at which driving is believed to be impaired varies by jurisdiction but
is generally in the range of 2 to 5 ng/mL 7. Laboratory studies provide converging evidence that cannabis
increases ‘weaving’ (standard deviation of lateral position; SDLP) 1°, slows reaction time 2141320 gnd
produces compensatory decreases in speed *111321.22 gnd increases in headway maintenance task 131421,
A number of studies found that there are dose-dependent increases in SDLP 1923 and speed &1114.24-26,

suggesting that the degree of impairment may be related to blood THC concentration.

The recent relaxation of regulations for non-medical cannabis in Canada and the United States
has led to an increased use in cannabis 27:28, At present, this may lead to growing concerns for road
safety as acute cannabis use has been shown to significantly increases the risk of vehicle collisions *.
However, demonstration of a clear relationship between changes in driving and blood THC would

provide guidance in the detection of cannabis-impaired driving.

The purpose of the present synthesis was to review all published reports that attempted to
determine whether blood THC is related to driving. Particular attention was paid to studies that
employed correlational or regression analyses to attempt to elucidate whether there is a linear
relationship between blood THC and driving. A literature search was conducted on peer-reviewed
papers published until 2023 that measured both driving (simulated or on-the-road) and blood THC. The

relationship of driving variables to blood THC was assessed.



Methods

This study was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRSIMA) guidelines 2°. A protocol was pre-registered on Prospero, the international

prospective register of systematic reviews (registration number CRD42023493758).

Information Sources and Search Strategy

A comprehensive search strategy (see Supplementary Material, eAppendix 1) was drafted in Ovid
Medline by a Medical Librarian (RB) and refined with input from the research team. The following terms
were searched broadly (THC/cannabis) AND (blood or oral fluid or substance detection) AND driving. The
Medline strategy was adapted into PsycINFO, Embase, Cochrane Central, Cochrane Database of
Systematic Review via Ovid platform, Web of Science’s Core Collection, Ebsco’s Criminal Justice
Abstracts, ProQuest’s Dissertations & Theses Global, and Transport Research International
Documentation (TRID Database). All strategies used database specific syntax, and controlled vocabulary
when translated. To increase specificity of results, an animals studies filter was used 3°; no further limits
were applied. Each database was searched from inception to September 2023. Reference lists of

included articles were scanned to identify further studies meeting eligibility criteria.

All database records were imported into Covidence for de-duplication and title and abstract screening.

Endnote, a citation and reference management tool, was also used to manage records.


https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42023493758

Inclusion Criteria

The primary focus of this synthesis was to evaluate studies that conducted a correlational analysis
between blood THC and driving (on-the-road or simulated). However, understanding that this may not
capture the breadth of knowledge and literature on the topic, similar measures of association such as
linear regression or general linear model (GLM) regressions were also included. Only studies in English
were included, due to lack of personnel available to translate and complete the full text extraction and

risk of bias assessment.

Only peer-reviewed published articles of the following types were included: randomized
controlled trials, before-and-after studies, cohort, case-control, cross-sectional, and longitudinal studies.
Only studies of human participants were included that focused on the effects of acute cannabis (i.e. in
the hours after administration). Moreover, this review only included studies of the effects of THC-
dominant cannabis, and not cannabidiol (CBD). Driving measures of interest included but were not
limited to standard deviation of lateral position (SDLP; ‘weaving’), reaction time, mean speed, maximum
speed, collisions and for car following tasks (coherence / headway maintenance task - the ability to

consistently follow the lead vehicle).

Exclusion Criteria

The review excluded the following study designs: meta-analyses / reviews, case studies, and qualitative

studies. Conference abstracts and posters and grey literature were also excluded.



Selection and Data Collection Process

All the articles from the literature search were transferred into Covidence, which automatically removed
the majority of duplicates. Two authors (DB, SZ) then independently completed the title / abstract
screening, and full text review. This was followed by data extraction, which was also completed
independently by two authors (DB, SZ). The full text data extraction form is available in eTable 1 in the
Supplementary, and includes general characteristics, such as: author(s), journal, year of publication,
study location, and study design. Population characteristics were also included: sample size (n), age
range / mean, and percent or number of females. Furthermore, the following study characteristics were
documented: objectives, inclusion / exclusion criteria, how outcomes were assessed, and results /
outcome point estimates. Given the nature of the study, the amount of THC/cannabis administered was
also recorded. Any disagreement or conflict during these processes was addressed through discussion,

and a third reviewer (PDC) was consulted on differences that could not be resolved.

Risk of Bias

Following full text extraction, two authors (D.B., S.Z.) utilized the Scottish Intercollegiate Guidelines
Networks (SIGN) methodology checklists to individually assess the risk of bias for the included studies.
Any disagreement or conflict was addressed through discussion, and a third reviewer (P.D.C.) was
consulted for a final decision on differences that could not be resolved. The SIGN methodology
checklists assess risk of bias through the following characteristics: study design, randomization,
concealment, blinding, allocation, treatment vs control group differences, outcome assessment method,
attrition, and confounding. These categories collectively determine the overall assessment of the study,

which is coded as high quality — low risk of bias; acceptable quality — medium risk of bias; low quality —



high risk of bias; or unacceptable — study to be omitted from review. This provides a method to rank the

degree of bias present in the study, and a categorical measure of the confidence in a study’s results.

As per the protocol, correlational analysis on oral-fluid THC and driving measures was also observed.
However, given the limited literature available, there is not sufficient data to be presented as part of the

‘results’ synthesis, but is discussed in eAppendix 2 of the Supplementary.

There was no specific funding source for this study.



Results

The selection process is visualized from the PRISMA Flow Diagram attached as Figure 1. The literature
search resulted in 4,845 records. After the literature search, another two studies relevant to the review
were published and were also included. Overall, a total of 1,648 duplicates were removed, leaving 3,199
unique articles to be screened. From these, 3,102 were excluded during the title and abstract screening.
Of the remaining 97 articles, 96 underwent full-text screening, as one study could not be retrieved. Of
the 96 articles screened, 12 were included in the review. An overall breakdown of the reasons for study

exclusion is provided in Figure 1. Overall, the included studies date from 1998 to 2024.

Of the 12 papers included, eleven used inhaled (smoked/vaped) routes and one used edibles (Table 1).

Only two papers studied oral fluid (eAppendix3 in Supplementary Material).

Nine articles included data on blood THC and SDLP or other measures of lateral control; 8 found no
relationship and 1 found a relationship. Zhao et al. 2 was the sole study to use edibles and participants
consumed an average of 7.30 mg THC, and Pearson r correlations revealed no significant correlation
between blood THC and SDLP (single task: r =-0.202, p = 0.366; dual task: r =-0.096, p = 0.671). In Arkell
et al. 3! participants vaped 13.75 mg THC and upon conducting Kendall's tau-b correlation, found that
blood THC was not significantly correlated (T, =-0.11, p = 0.90) with SDLP. For Robbe et al. %
participants smoked 20.8 mg THC on average and reached the same conclusion, that there was no
significant correlation between blood THC and SDLP or mean lateral position. In Hartley et al. 32
participants smoked doses up to 30 mg THC and used linear regression to determine that there was no

significant association between blood THC pharmacokinetic parameters (Cmax, Tmax, and AUC) and



SDLP. In Di Ciano et al. & participants smoked an average of 56.93 mg THC, and there was no significant
correlation (Pearson’s r) between blood THC and SDLP (single task r = 0.147, p = 0.43; dual-task: r =
0.027, p = 0.89). For Brands et al. ?* participants smoked 93.75 mg THC and using bivariate correlations
discovered that there was no significant correlation (single task r =-0.16, p = 0.21; dual task r=0.16, p =
0.22) between blood THC and change in lateral control. In Di Ciano et al. 32 participants smoked 94 mg
THC and upon conducting Spearman’s correlations, also found that blood THC did not significantly
correlate (r = 0.201) with SDLP. In Fitzgerald et al. 34 participants similarly smoked doses up to ~ 94 mg
THC and using Spearman’s correlations discovered that blood THC was not significantly correlated (r =
-0.02, padj = 0.89) with SDLP.

Hartman et al. 17, was the only study that found a significant relationship of blood THC to SDLP.
Their participants inhaled up to ~ 33.5 mg THC and conducted general linear model (GLM) regression
models, finding a significant association (b = 0.26, p = 0.0004) between blood THC and SDLP. The data
from the model indicated that for every 1 pg/L increase in blood THC, there was a 0.26 cm increase in
SDLP. However, there was no association between blood THC and standard deviation of the steering
wheel (curvy and straight routes), lane departures / min, or maximum lateral acceleration (sharp and

non-sharp events).

Five of the included studies included measures of blood THC and speed, 4 of these studies found no
relationship of blood THC to speed. Zhao et al. 22 found no significant correlation between blood THC
and mean speed (single task: r =0.151, p = 0.503; dual task: r =0.139, p = 0.536). Robbe et al. 23
conducted correlational analysis and found no significant correlation between blood THC and
maintenance of constant speed or standard deviation of speed. Di Ciano et al. & also found no significant

correlation between blood THC and mean speed (single task: r = 0.206, p = 0.27; dual-task: r = 0.056, p =



0.76). Brands et al. 2 conducted Pearson r correlations and found no significant correlation (single task r
=-0.18, p = 0.15; dual task r = -0.083, p = 0.53) between blood THC and change in mean speed.

Hartman et al. 2! conducted GLM regression models and found significant associations between
blood THC and mean speed relative to the speed limit (b =0.11, p = <0.0001) and percent speed low
[percent of time spent >10% below the speed limit] (b = 0.07, p = <0.0001). Essentially, higher blood THC
was associated with decreased mean speed and increased time spent at low speeds. However, they also
found that blood THC was not associated with standard deviation of speed, percent speed high,

maximum longitudinal acceleration and minimum longitudinal acceleration.

Three studies conducted car following tasks, with 1 finding a significant correlation. Robbe et al. 23
conducted a car-following test and found no significant correlation with blood THC. Fitzgerald et al. 3
observed the association between coherence and blood THC, and upon using Spearman’s correlations,
found no significant correlation (r = -0.102, p = 0.46) between the two.

Hartman et al. 2! conducted GLM regression models and found significant associations between
blood THC and headway maintenance [mean following distance] (b = 2.18, p = 0.0139). Essentially,

higher blood THC was associated with increased following distance.

Hartley et al. 32 was the only study to analyse reaction time and found no significant association
between blood THC pharmacokinetic parameters (Cmax, Tmax, and AUC) and mean reciprocal reaction

time (MRRT) using linear regression.

Three studies focused on correlating blood THC with overall driving performance, and none found a
significant correlation. Robbe et al. 23 conducted the Royal Dutch Tourist Association’s Driving

Proficiency Test and found no significant correlation with blood THC. Tank et al. 3°> gave their participants
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300 ug THC / kg bodyweight per cigarette with a 3-cigarette allowance, resulting in blood THC
concentration ranging from 2.4 to 42.9 ng/mL. They found no significant correlation between blood THC
and overall driving performance (which included measures such as collisions, roadway deviation and
traffic lights). In a study conducted by Marcotte et al. 3%, participants smoked doses going up to ~ 94 mg
THC; using Spearman’s correlations, no significant correlation (r = 0.025, p = 0.78) between blood THC
and the composite drive score (incorporates lane tracking and car following) was found. Hence, both
articles are in agreement that there is no correlation between blood THC and composite measures of

overall driving performance.

Quality of Studies

Using the SIGN methodology checklists, all twelve studies were assessed for bias. Nine of the included
studies were randomized controlled trial (RCT) studies, all of which were assessed to be of high quality
17,21,23,24,31-3436_The two cohort studies were assessed to be of high quality #%2. The exception was Tank et
al. 3%, a controlled trial which was assessed using the RCT checklist and determined to be of acceptable

quality. A summary of the risk of bias assessment is available in eTable 2 in the Supplementary Material.

Discussion

The purpose of the present synthesis was to evaluate the peer-reviewed papers published on the
relationship between driving and blood THC levels. Of the 12 papers included in the present review, ten
found no correlation between blood THC and any measure of driving 822-2431-36 including SDLP, speed,
car following, reaction time, or overall driving performance. The two papers that did find a significant
association were from the same study and found significant relationship with blood THC and SDLP Y7,

speed and following distance 2.
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The consensus is that there is no linear relationship of blood THC to driving. This is surprising
given that blood THC is used to detect cannabis-impaired driving. However, roadside detection is based
on cut offs, which vary by jurisdiction 7. In this regard, one paper found that SDLP was significantly
higher in people whose blood THC was above the legal cut off than those who were below 33. Similarly,
when a median split was conducted based on levels of blood THC, there were more changes in driving in
those who were above the legal limits 2%, In these same studies 243337, there were no correlations
between blood THC and driving. Thus, there may be limits above which driving is impaired, which may
explain why the one study with high doses found significant correlations between driving and blood

THC.

The two Hartman et al.}”2! papers that came from the same study and found significant
relationships between blood THC and driving, used complex driving situations that consisted of a
combination of rural, urban and interstate roads. By comparison, the other studies used either rural
roads 822243233 or urban 3 situations. Only a few studies combined the use of two types of drives within
a single scenario?33%3436_ Additionally, the Hartman et al.1”-?! simulated drives were more complex as
they included distractors such as deer emerging in rural areas, car doors opening into traffic and kids on
bicycles. They also conducted the drives under dual task conditions, which only a few of the other
studies 8222436 integrated. The dual tasks place additional cognitive load on participants and required
divided attention as they involved watching lights in the rear-view mirror and selecting a specific CD
title. Thus, the only two studies which combined more than two types of drives, had complex distractors
and observed dual task conditions, found significant correlations between blood THC and driving. Thus,
scenario and task complexity may be an important variable in revealing an association between blood
THC and driving. Future studies will need to vary the task demands of the drive to unravel the complex

relationship of blood THC to driving.
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One variable which may have influenced the results is the potency of cannabis used and method
of administration. An abstract submitted (unpublished; LeFoll et al., 2024) by the present authors,
suggests dose related effects of THC on measures of driving. In this study, the highest dose condition
provided participants with 22% THC or up to 165 mg THC in a procedure that involved a fixed dose
administration. Both SDLP (slope=0.01, SE=0.001, p<0.001) and reaction time (slope=0.01, SE=0.003,
p<0.001) showed significant positive associations with blood THC. This indicates that for each 1 ng/mL
increase in blood THC, SDLP increased by 1 cm, and reaction time increased by 10 milliseconds. It was
noted that minimal differences were observed in the low (6.25%/up to 47 mg THC) and medium dose
(12.5%/up to 94 mg THC), but consistent and significant differences were present in the high dose 3. It is
known that the potencies of cannabis on the legal market are increasing 3, and thus it can be inferred
that people are using higher doses of THC than those used in most existing studies. In addition, the fixed
dose procedure used in part of this study may have influenced the results %°. Ad libitum dosing studies
may lead to increased variability in the data with little distinction between doses 3436, as people can
titrate to their desired effect. Orderly relationships between blood THC and driving may be evident only
with discrete increments in dosing. Future studies will need to include more realistic higher potency
cannabis, and vary the dosing method, because it is possible that blood THC may have orderly

relationships to higher potency cannabis use.

Limitations

This synthesis is not without limitations. First, all but one 22 of the included studies investigated the
inhaled (smoked, vaped) route of administration. The use of edibles is on the rise 274142 and edibles have
a different pharmacokinetic relationship than the inhaled route %3-4°, which suggests that the

relationship of cannabis edibles to blood THC may be different. Further, only two studies used
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naturalistic designs &22. With legalization, it is now possible, in some jurisdictions, to study a user’s
preferred legal source cannabis in the lab. In addition to the considerations around the potency of
cannabis and method of administration, future studies should vary task complexity with a variety of

routes of administration, both controlled and naturalistic.

Conclusions

The present synthesis suggests that driving after the use of cannabis may be difficult to detect through
blood THC, except in situations where there is a high task complexity; there is some evidence for a
relationship when potencies of cannabis are high. Driving can involve a number of challenging situations
and future studies will need to explore the relationship of THC to driving after a number of different task

situations and cannabis potencies.
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Panel: Research in context

Evidence before this study

The psychoactive component of cannabis is THC, and has been shown to have impairing effects on
driving. Research on THC and driving has shown that it leads to increased weaving, decreased reaction
time, and a decreased ability to follow a lead vehicle. To regulate cannabis use during driving, blood THC
is often used to assess impairment. Current research indicates that there may be a more complex
relationship between blood THC and driving. However, to date, there is no published synthesis of data,
on whether these is a correlational relationship between blood THC and driving outcomes. Therefore, a
search of numerous databases from inception to September 2023 was conducted, to find published
articles that measured the relationship between blood THC and driving outcomes, using correlations,

linear regressions and general linear mixed models.

Added value of this study

The systematic review was composed of 12 published articles, the majority (10 studies) of which found
no clear linear relationship between blood THC and driving. The papers that did find a relationship,
found that increased blood THC was associated with increased weaving, decreased mean speed, and
increased following distance of the car ahead. However, these studies used comparatively more
complex driving scenarios than the other studies. These results provide the first synthesis of data for the
correlational / linear association between blood THC and driving and indicate that generally no such
relationship exists. Through the use of cut-offs, the current method of detecting roadside cannabis
impairment through blood THC may still be suitable for some types of impairments, but it is not all

encompassing.
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Implications of all the available evidence

Given that the results were not unanimous, and the two studies that did differ, did so under distinct
conditions, indicates the need for further research into the subject. Future studies should look to vary
task complexity and road challenges to better stimulate real-world driving. Additionally, with rising
popularity of new forms of cannabis and higher potency of cannabis, researchers should look to
evaluate THC across different routes of administration and greater THC concentrations. Moreover, from
a policy perspective regarding road safety, there may be a need to evaluate and introduce new methods
of assessing roadside cannabis impairment, or further changes in regulations, such as blood THC cut-

offs.

16



References

1. Asbridge M, Hayden JA, Cartwright JL. Acute cannabis consumption and motor vehicle
collision risk: systematic review of observational studies and meta-analysis. BMJ. Feb 9
2012;344:e536. doi:10.1136/bmj.e536

2. Li MC, Brady JE, DiMaggio CJ, Lusardi AR, Tzong KY, Li G. Marijuana use and motor
vehicle crashes. Epidemiol Rev. 2012;34:65-72. doi:10.1093/epirev/mxr017

3. Rogeberg O. A meta-analysis of the crash risk of cannabis-positive drivers in culpability
studies-Avoiding interpretational bias. Accid Anal Prev. Feb 2019;123:69-78.
doi:10.1016/j.aap.2018.11.011

4. Rogeberg O, Elvik R. The effects of cannabis intoxication on motor vehicle collision
revisited and revised. Addiction. Aug 2016;111(8):1348-59. doi:10.1111/add.13347

5. Hostiuc S, Moldoveanu A, Negoi [, Drima E. The Association of Unfavorable Traffic
Events and Cannabis Usage: A Meta-Analysis. Frontiers in pharmacology. 2018;9:99.
doi:10.3389/fphar.2018.00099

6. White MA, Burns NR. The risk of being culpable for or involved in a road crash after
using cannabis: A systematic review and meta-analyses. Drug Science, Policy and Law.
2021;7:1-20.

7. Gjerde H, Strand MC. Legal limits for driving under the influence of illicit drugs: Large
variations between jurisdictions. Forensic Sci Int: Reports. 2023;8:100336.

8. Di Ciano P, Rajji TK, Hong L, et al. Cannabis and Driving in Older Adults. JAMA Netw
Open. Jan 2 2024;7(1):e2352233. doi:10.1001/jamanetworkopen.2023.52233

9. Fares A, Wickens CM, Mann RE, et al. Combined effect of alcohol and cannabis on
simulated driving. Psychopharmacology (Berl). May 2022;239(5):1263-1277.
doi:10.1007/s00213-021-05773-3

10. Ramaekers JG, Robbe HW, O'Hanlon JF. Marijuana, alcohol and actual driving
performance. Human psychopharmacology. Oct 2000;15(7):551-558. doi:10.1002/1099-
1077(200010)15:7<551::AID-HUP236>3.0.CO;2-P

11. Ronen A, Gershon P, Drobiner H, et al. Effects of THC on driving performance,
physiological state and subjective feelings relative to alcohol. Accid Anal Prev. May
2008;40(3):926-34. doi:10.1016/j.aap.2007.10.011

12. Ronen A, Chassidim HS, Gershon P, et al. The effect of alcohol, THC and their
combination on perceived effects, willingness to drive and performance of driving and non-
driving tasks. Accid Anal Prev. Nov 2010;42(6):1855-65. doi:10.1016/j.aap.2010.05.006

13. Alvarez L, Colonna R, Kim S, et al. Young and under the influence: A systematic
literature review of the impact of cannabis on the driving performance of youth. Accid Anal
Prev. Jan 6 2021;151:105961. doi:10.1016/j.aap.2020.105961

14.  Lenne MG, Dietze PM, Triggs TJ, Walmsley S, Murphy B, Redman JR. The effects of
cannabis and alcohol on simulated arterial driving: Influences of driving experience and task
demand. Accid Anal Prev. May 2010;42(3):859-66. doi:10.1016/j.aap.2009.04.021

15. Bosker WM, Kuypers KP, Theunissen EL, et al. Medicinal Delta(9) -
tetrahydrocannabinol (dronabinol) impairs on-the-road driving performance of occasional and
heavy cannabis users but is not detected in Standard Field Sobriety Tests. Addiction. Oct
2012;107(10):1837-44. doi:10.1111/5.1360-0443.2012.03928.x

17



16. Veldstra JL, Bosker WM, de Waard D, Ramaekers JG, Brookhuis KA. Comparing
treatment effects of oral THC on simulated and on-the-road driving performance: testing the
validity of driving simulator drug research. Psychopharmacology (Berl). Aug
2015;232(16):2911-9. doi:10.1007/s00213-015-3927-9

17. Hartman RL, Brown TL, Milavetz G, et al. Cannabis effects on driving lateral control
with and without alcohol. Drug Alcohol Depend. Sep 1 2015;154:25-37.
doi:10.1016/j.drugalcdep.2015.06.015

18.  Micallef J, Dupouey J, Jouve E, et al. Cannabis smoking impairs driving performance on
the simulator and real driving: a randomized, double-blind, placebo-controlled, crossover trial.
Fundam Clin Pharmacol. May 12 2018;doi:10.1111/fcp.12382

19. Arkell TR, Lintzeris N, Kevin RC, et al. Cannabidiol (CBD) content in vaporized
cannabis does not prevent tetrahydrocannabinol (THC)-induced impairment of driving and
cognition. Psychopharmacology (Berl). May 1 2019;d01:10.1007/s00213-019-05246-8

20.  Liguori A, Gatto CP, Robinson JH. Effects of marijuana on equilibrium, psychomotor
performance, and simulated driving. Behav Pharmacol. Nov 1998;9(7):599-609.

21.  Hartman RL, Brown TL, Milavetz G, et al. Cannabis effects on driving longitudinal
control with and without alcohol. J Appl Toxicol. Nov 2016;36(11):1418-29.
doi:10.1002/jat.3295

22. Zhao S, Brands B, Kaduri P, et al. The effect of cannabis edibles on driving and blood
THC. Journal of Cannabis Research. 2023;in press

23. Robbe H. Marijuana's impairing effects on driving are moderate when taken alone but
severe when combined with alcohol. Human psychopharmacology. 1998;13:S70-S78.

24, Brands B, Mann RE, Wickens CM, et al. Acute and residual effects of smoked cannabis:
Impact on driving speed and lateral control, heart rate, and self-reported drug effects. Drug
Alcohol Depend. Dec 1 2019;205:107641. doi:10.1016/j.drugalcdep.2019.107641

25. Di Ciano P, Matamoros A, Matheson J, et al. Effects of therapeutic cannabis on simulated
driving: A pilot study. Journal of Concurrent Disorders. 2020;2(1):3-13.

26.  Downey LA, King R, Papafotiou K, et al. The effects of cannabis and alcohol on
simulated driving: Influences of dose and experience. Accid Anal Prev. Jan 2013;50:879-86.
doi:10.1016/j.aap.2012.07.016

27. Statistics, Canada. Five years since legalization, what have we learned about cannabis in
Canada? Government of Canada. Accessed January 15, 2024.
https://www150.statcan.gc.ca/nl/daily-quotidien/231016/dg231016c-eng.htm

28.  Mattingly DT, Richardson MK, Hart JL. Prevalence of and trends in current cannabis use
among US youth and adults, 2013-2022. Drug and Alcohol Dependence Reports. 2024/09/01/
2024;12:100253. doi:https://doi.org/10.1016/j.dadr.2024.100253

29. Page MJ, Moher D, Bossuyt PM, et al. PRISMA 2020 explanation and elaboration:
updated guidance and exemplars for reporting systematic reviews. Bmj. Mar 29 2021;372:n160.
doi:10.1136/bmj.n160

30. McGill, University, Health, Centre, Libraries. Excluding Animal Studies. Accessed
September 12 2023. https://www.muhclibraries.ca/training-and-guides/excluding-animal-studies/
31.  Arkell TR, Spindle TR, Kevin RC, Vandrey R, McGregor IS. The failings of per se limits
to detect cannabis-induced driving impairment: Results from a simulated driving study. Traffic
Inj Prev. 2021;22(2):102-107. doi:10.1080/15389588.2020.1851685

32. Hartley S, Simon N, Larabi A, et al. Effect of Smoked Cannabis on Vigilance and
Accident Risk Using Simulated Driving in Occasional and Chronic Users and the

18


https://www150.statcan.gc.ca/n1/daily-quotidien/231016/dq231016c-eng.htm
https://doi.org/10.1016/j.dadr.2024.100253
https://www.muhclibraries.ca/training-and-guides/excluding-animal-studies/

Pharmacokinetic-Pharmacodynamic Relationship. Clin Chem. May 2019;65(5):684-693.
doi:10.1373/clinchem.2018.299727

33. Di Ciano P, Brands B, Fares A, et al. The Utility of THC Cutoff Levels in Blood and
Saliva for Detection of Impaired Driving. Cannabis Cannabinoid Res. Jun 2023;8(3):408-413.
doi:10.1089/can.2022.0187

34, Fitzgerald RL, Umlauf A, Hubbard JA, et al. Driving Under the Influence of Cannabis:
Impact of Combining Toxicology Testing with Field Sobriety Tests. Clin Chem. Jul 5
2023;69(7):724-733. doi:10.1093/clinchem/hvad054

35. Tank A, Tietz T, Daldrup T, et al. On the impact of cannabis consumption on traffic
safety: a driving simulator study with habitual cannabis consumers. Int J Legal Med. Sep
2019;133(5):1411-1420. doi:10.1007/s00414-019-02006-3

36. Marcotte TD, Umlauf A, Grelotti DJ, et al. Driving Performance and Cannabis Users'
Perception of Safety: A Randomized Clinical Trial. JAMA Psychiatry. Jan 26
2022;d0i:10.1001/jamapsychiatry.2021.4037

37. Wickens CM, Mann RE, Brands B, et al. Influence of personality on acute smoked
cannabis effects on simulated driving. Exp Clin Psychopharmacol. Oct 2022;30(5):547-559.
doi:10.1037/pha0000505

38. LeFoll B, Zaweel A, Wright M, Matheson J, DiCiano P, Brands B. Dose-Related Effects
of Smoked Cannabis on Simulated Driving Performance: A Randomized, Controlled Crossover
Trial. American College of Neuropsychopharmacology. Submitted. 2024.

39. Tassone F, Di Ciano P, Liu E, Rueda S. On offer to consumers three years after
legalization: A profile of cannabis products, cannabinoid content, plant type, and prices.
Frontiers in psychiatry. 2023;14:1111330.

40.  Brands B, Zaweel A, Wright M, et al. Assessing the impact of different smoking
methodologies: Secondary analysis of a dose-varying study of smoked cannabis. Poster
presentation presented at: The International Cannabinoid Research Society 34th annual
Symposium Salamanca; June 30-July 5 2024; Spain.

41. Hammond D, Goodman S, Wadsworth E, et al. Trends in the use of cannabis products in
Canada and the USA, 2018 - 2020: Findings from the International Cannabis Policy Study. Int J
Drug Policy. Jul 2022;105:103716. doi:10.1016/j.drugpo.2022.103716

42. Knapp AA, Lee DC, Borodovsky JT, Auty SG, Gabrielli J, Budney AJ. Emerging Trends
in Cannabis Administration Among Adolescent Cannabis Users. J Adolesc Health. Apr
2019;64(4):487-493. doi:10.1016/j.jadohealth.2018.07.012

43, Spindle TR, Martin EL, Grabenauer M, Woodward T, Milburn MA, Vandrey R.
Assessment of cognitive and psychomotor impairment, subjective effects, and blood THC
concentrations following acute administration of oral and vaporized cannabis. J
Psychopharmacol. Jul 2021;35(7):786-803. doi:10.1177/02698811211021583

44, Vandrey R, Herrmann ES, Mitchell JM, et al. Pharmacokinetic Profile of Oral Cannabis
in Humans: Blood and Oral Fluid Disposition and Relation to Pharmacodynamic Outcomes. J
Anal Toxicol. Mar 1 2017;41(2):83-99. doi:10.1093/jat/bkx012

45. Peng H, Shahidi F. Cannabis and Cannabis Edibles: A Review. J Agric Food Chem. Feb
17 2021;69(6):1751-1774. doi:10.1021/acs.jafc.0c07472

46. Solowij N. Peering Through the Haze of Smoked vs Vaporized Cannabis-To Vape or Not
to Vape? JAMA Netw Open. Nov 2 2018;1(7):e184838.
doi:10.1001/jamanetworkopen.2018.4838

19



47. Zipursky JS, Bogler OD, Stall NM. Edible cannabis. Cmaj. Feb 18 2020;192(7):E162.
doi:10.1503/cmaj.191305

48. Spindle TR, Cone EJ, Herrmann ES, et al. Pharmacokinetics of Cannabis Brownies: A
Controlled Examination of A9-Tetrahydrocannabinol and Metabolites in Blood and Oral Fluid of
Healthy Adult Males and Females. J Anal Toxicol. Oct 12 2020;44(7):661-671.
doi:10.1093/jat/bkaa067

49, Newmeyer MN, Swortwood MJ, Andersson M, Abulseoud OA, Scheidweiler KB,
Huestis MA. Cannabis Edibles: Blood and Oral Fluid Cannabinoid Pharmacokinetics and
Evaluation of Oral Fluid Screening Devices for Predicting A(9)-Tetrahydrocannabinol in Blood
and Oral Fluid following Cannabis Brownie Administration. Clin Chem. Mar 2017;63(3):647-
662. doi:10.1373/clinchem.2016.265371

20



Studies from databases/registers (n = 4845)
Embase (n = 1186)
Web of Science (n = 899)
MEDLINE (n = 781)
Criminal Justice Abstracts (n = 603)
Transportation Research Information Services
(TRID) (n = 594)
ProQuest Dissertations & Theses Global (n =
299)
PsycINFO (n = 297)
CENTRAL (n = 142)
Cochrane Database of Systematic Reviews (n =

References from other sources (n = 2)
Published post-literature search (n = 2)

c
o
=
©
(3]
=
=
c
)
3

|

References removed (n = 1648)

v

v

> Duplicates identified manually (n = 15)
Duplicates identified by Covidence (n =
v
Studies screened (n = 3199) ——> | Studies excluded (n =
Studies sought for retrieval (n = 97) ——> | Studies not retrieved (n =

Studies assessed for eligibility (n = 96) | ———> | Studies excluded (n = 84)

Wrong outcomes (n = 27)

Wrong statistical analysis (n = 9)
Wrong language (n = 2)

Not peer-reviewed (n = 39)
Wrong intervention (n = 1)

Wrong study design (n = 5)
Redundant experiment / data (n =

Studies included in review (n = 12)

Figure 1 — PRISMA Flowchart

21



Competing Interests:
Dr. Bernard Le Foll has obtained funding from Indivior for a clinical trial sponsored by Indivior.
Dr. Le Foll has in-kind donations of placebo edibles from Indivia. Dr. Le Foll has obtained
industry funding from Canopy Growth Corporation (through research grants handled by the
Centre for Addiction and Mental Health and the University of Toronto).
He has participated in a session of a National Advisory Board Meeting (Emerging Trends BUP-
XR) for Indivior Canada and is part of Steering Board for a clinical trial for Indivior. He has been
consultant for Shinogi and ThirdBridge.

He got travel support to attend an event by Bioprojet. He is supported by CAMH,
Waypoint Centre for Mental Health Care, a clinician-scientist award from the department of
Family and Community Medicine of the University of Toronto and a Chair in Addiction

Psychiatry from the department of Psychiatry of University of Toronto.

No other authors have any conflicts to declare

22



Table 1: General Characteristics of Included Articles

Age
Sample & . Driving . Method of | Significant
Authors, Study ] range Cannabis Driving y ..
. Size (% . . ] THC Dose Assessment Assessing Associatio
year Design / |Administration R Measures -
female) mean Scenario Association n
Studies using inhaled routes for cannabis, that found a relationship between blood THC and driving
SDLP
Driving Simulator| ~ dual task
- Urban (two lane| Standard
city roadway; deviation of
40-72 km/h steering
blaceb with signal — wheel (c‘urvy
acebo controlled / and straight
uncontrolled | foutes) General
21— 2.9% THC intersections
Hartman  |R@ndomize 37 -~ 1; . )| -dualtask | Linear
d 18 - Vaped : - Interstate (four | | Model
etal, Mean mg THC) ane Yes
Controlled | (27.8%) lane (GLM)
2015 V7 = - departures /
Trail (RCT) 261 - Ad libitum expressway; min regression
' 6.7% THC | 113 km/h) models
(~33.5 - dual task
- Rural (two lane
mg THC .
: ) undivided road | Maximum
with curves, a | lateral
and 10 min (sharp and
timed non-sharp
straightaway) | events)
- dual task
Placebo Driving Simulator| Mean speed
- Urban (two lane| - dual task
21— 2.9%THC | city roadway;
Hartman 37 (~14.5 40-72km/h | Standard GLM
18 - Vaped ) ith sienal deviation of
et al., RCT (27.8%) Mean mg THC) with signal — speed regression | Yes
AL controlled
2016 2 = - Ad libitum / models
26.1 . uncontrolled - dual task
6.7% THC intersections)
(~33.5 Percent
mg THC) - Interstate (four speed high

lane




expressway;
113 km/h)

- Rural (two lane
undivided road
with curves, a
gravel portion,
and 10 min
timed
straightaway)

- dual task

Percent
speed low

- dual task

Car
following
(Mean
following
distance)

- dual task

Maximum
Longitudinal
Acceleration
(high / low)

- dual task

Minimum
Longitudinal
Acceleration
(low /
stopping)

- dual task

Studies using inhaled routes for cannabis, that did not find a relationship between blood THC and driving

Tank et

al., 2019
35

Controlled
Trial

15
(20%)

19-
41
Mean

- Smoked

- Ad libitum

Used
22%
dronabin
ol

300 pg of
THC/kg
bodyweig
ht per
cigarette
(could
smoke up
to3
cigarette

s)

Driving Simulator

- City (urban)

Driving
performance
(accidents,
roadway
deviation,
traffic lights)

- single task

Correlation

No




Placebo

THC-

Driving Simulator

- 5 min highway

domi Standard
21— cl);n;nsant segment (two deviation of
Arkell et 14 38 - Vaped ;n 1"HC :(an%90-110 Iate.rz?\I Kendall's
al., 2021 |RCT (21%) | Mean & m/h) position tau-b (tp) No
31 = - Fixed THC/CBD 25 min. both (SDLP) correlation
27.5 equivalen highwa’y and - Single task
t -
13.75 mg ru‘ral segments
THC (single lane; 60-
100 km/h)
SDLP
- single task
Mean lateral
position
THC .
condition - single task
Study 1 s: Maintaining
(50%) k
He/ke On-the-road )
Study 2 - 200 pg driving - single task
-16 /kg
. Standard
Robbe et (50%) | 21- - Smoked - 300 ug | - Closed highway deviation of .
al.,, 1998 |RCT 40 /kg eviation ot | Correlation | No
23 Study 3 - Fixed Mean - Highway in the | speed
-16 THC presence of _single task
(50%); consume ther t.ra?fflc
32 with d-208 - City driving Car
alcohol mg THC following
group test
- single task
Overall
Driving
Proficiency
Test

- single task




Placebo

SDLP
20— - single task
Hartley 34 - Smoked 10 mg Driving Simulator| n1ean Linear
etal., RCT 30 (0%) | Mean THC reciprocal . No
2019 » - - Fixed - Four lane - Regression
highway reaction
215 30 mg time (mRRT)
THC - single task
SDLP
Mean - single task
65—
L THC Driving Simulator| ~and dual
eD’l ;:Ilano Cohort 31 K/Isean - smoked consume Rural high e Pearson r No
7 (32%) | _ d-56.93 | ~ huraihighway correlation
2024 = - Ad libitum | g/ (twolane =80 | nean Speed
68.7 18.74% km/h)
e - single task
and dual
task
Change in
mean speed
- single task
Placebo and dual
[30] task
THC
Brands et group Driving Simulator| Lateral
al., 2019 91 19— | - Smoked -12.5% control Pearson r
RCT - i No
24 (29%) 25 THC Rural highway | (mean correlation
- Ad libitum | (9375 (twolane =80 | apsolute
mg THC) km/h) deviation in
[61] meters from
the center of
the lane)
- single task
and dual
task
Placebo
Driving Simulator
. alcohol g
Di Ciano 27 Mean | - smoked d SDLP Spearman’s
et al., RCT = an - Rural highway ) No
N (44%) active ) correlation
2023 22.54 | _ aAd libitum ' (two lane—80 | - single task
cannabis

group

km/h)




~ 94 mg

THC
Placebo
(0% THC)
[63]
SDLP
o . .
Fitzgerald Mean Smoked 5.9% THC | Driving Simulator| _ single task
191 = - »moke (~41mg _ Car Spearman’s
etal, RCT - City (urban) ) No
(38%) 29.9 THC) [66] followi correlation
2023 34 - ollowing
years | - Ad libitum h
- Country (rural) | (coherence)
13.4% - single task
THC (~ 94
mg THC)
[62]
Placebo
(0% THC)
[63]
Marcotte Mean 5.9% THC | Driving Simulator Composite
et al RCT 191 - - Smoked (* 41 mg Cit b DrivepScore Spearman’s No
g (38.2%) | 29.9 THe) te6] | - €Tty (urban) correlation
2022 % - Ad libitum
years - dual task
- Country (rural)
13.4%
THC (~ 94
mg THC)
[62]
Studies using inhaled routes for cannabis, that did not find a relationship between blood THC and driving
SDLP
19 - Mean
Zhao et 74 : THC Driving Simulator| - Single task
22 - Edibles P
al., 2023 |Cohort . Mean consume ) and dual earson‘r No
. (27%) | _ o d-730 |- Rural highway task correlation
- Ad libitum . (two-lane)
47.59 mg

Mean Speed




- single task
and dual
task




