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ARTICLE INFO ABSTRACT

Keywords: Recreational use of cannabis has been recently legalized in Canada, however, its impact on driving performance
Dri"i“$ simulator and safety is not well-defined. One experimental tool that can be implemented to better examine the link be-
Scenarios tween cannabis use and driving impairment is driving simulation. Customized driving scenarios can be created to
Driving skills . . .. . .

Drugs target and evaluate hypothesized effects of cannabis on driving behaviors. This paper presents a framework for
Perfgo rmance the evidence-based design of driving scenarios that aim to characterize cannabis-related driving impairment. The

framework begins by considering the effects of cannabis on sensory, motor, and cognitive abilities, as well as how
impairments in these abilities could negatively affect driving performance. Next, we examine how these negative
effects on driving could be measured in a controlled, repeatable, and safe manner using simulators, to map the
specific effects of cannabis on particular aspects of driving performance. Last, we describe how customized
driving simulator scenario elements could be designed to challenge the targeted driving abilities that are affected
by cannabis. In addition to detailing this experimental framework, a prototype scenario developed for DriverLab
at KITE - Toronto Rehabilitation Institute is presented, but the expectation is that the proposed approaches could
be broadly implemented across a range of simulators.

1. Introduction

The use of cannabis has been legalized in varying degrees across the
globe, with Canada legalizing it for recreational use in 2018. As a result,
there has been an increased urgency to better understand its impact on
driving performance and safety. Cannabis affects cognitive, sensory, and
motor functions (Bondallaz et al., Nov. 2016; Kalant and Porath-Waller,
2017) that are important for safety—critical tasks such as driving,
including judgement, working memory, response time, coordination,
and concentration (Bondallaz et al., 2016; Kalant and Porath-Waller,
2017; Ramaekers et al., 2006; Hartman and Huestis, 2013;
Salomonsen-Sautel et al., 2014; Ogourtsova et al., 2018; Ashton, 2001;
Capler et al., 2017).

The cannabis plant is composed of over 400 chemical compounds,
including over 60 cannabinoids (Ashton, 2001; Appendino et al., 2011).
The primary psychoactive component is delta-9-tetrahydrocannabinol
(THC). This ingredient, along with its psychoactive and non-
psychoactive metabolites, is responsible for the majority of the behav-
ioural and pharmacological effects of cannabis use (Mechoulam and
Hanus, 2000; Perez-Reyez et al., 1991; Grotenhermen, 2003; Goledzi-
nowski, 2017; Wolff, 2013; Kochanowski and Kata, 2005; Jager, 2012).
However, there is limited scientific consensus on identifying THC con-
centration levels that objectively define levels of impairment (Robertson
et al., 2019; Armentano, 2013), due to a poor concentration-response
relationship between THC levels in bodily fluid samples (e.g., blood,
urine, saliva) and driving performance (Ramaekers et al., 2006;
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Papafotiou et al., 2005; Sewell et al., 2009; O’Kane et al., 2002; Arkell
et al., 2021). Thus, it is important to develop methods that will aid in
determining whether cannabis use affects driving performance and in
what ways.

2. Cannabis composition and pharmacology

The two most prevalent methods for cannabis consumption are
inhalation (i.e., smoking) and oral ingestion (i.e., edibles) (Grotenher-
men, 2003; Wolff, 2013). Cannabis inhalation results in a fast peak of
THC concentration in blood and saliva within the first 5-15 min after
smoking (Grotenhermen, 2003; Ronen et al., 2008; Huestis and Cone,
2004), as well as a fast decrease due to the half-life of THC being
approximately 1.5-2 h depending on individual usage history and other
factors (Moffat et al., 2011). On the other hand, after oral ingestion
absorption of THC into the bloodstream is significantly slower, with
peak blood THC levels observed 1 to 5 h after administration (Wolff,
2013; Niedbala et al., 2001; Lemberger et al., 1971). Inhalation results
in onset of impairment within a few minutes and recovery within a few
hours, while the impairing effects from ingestion begin within 1-2 h and
end up to 12 h after use (Ashton, 2001; Grotenhermen, 2003; Wolff,
2013; Kochanowski and Kata, 2005). It is also important to note that
blood or saliva THC levels are not necessarily directly associated with
the degree of behavioural impairment (Ramaekers et al., 2006; Ashton,
2001; Wolff, 2013; Robertson et al., 2019; Papafotiou et al., 2005;
Sewell et al., 2009; O’Kane et al., 2002). Individuals can have THC
detected in their blood or saliva without experiencing any psychotropic
effects or exhibiting impairments. Following the use of cannabis, THC
and its metabolites can be detected for long periods of time in plasma
and urine, ranging from approximately 7 days for occasional users
(Goledzinowski, 2017; Jager, 2012; Huestis et al., 1992) and up to 30
days for frequent users (Ashton, 2001; Lowe et al., 2009). The extent to
which the behavioural impairments of cannabis use are present depends
on a variety of drug- and user-related factors due to the bidirectional and
biphasic nature of the drug (Jager, 2012). These considerations include
route of administration, dosage of THC, titration of dose, user tolerance,
user intake frequency, environment of administration, and cannabinoid
absorption, metabolism, and excretion rates (Wolff, 2013; Jager, 2012;
Robertson et al., 2019; Sharma et al., 2012; Fischer et al., 2017).

The current state of enforcement in Canada for roadside testing of
cannabis-induced impairment includes the use of Standardized Field
Sobriety Tests (SFST) and handheld drug screening devices that can
detect the presence of cannabis in saliva. While the SFST has been well-
validated for impairment due to alcohol, they have been shown to have
little sensitivity to impairment from cannabis (Spindle et al., 2021). If
the SFST or handheld saliva device results indicate potential impair-
ment, the administrating officer could demand a qualitative evaluation
by a drug recognition evaluator and potentially a blood test at a police
station to justify a charge of impaired driving. The minimum blood THC
level that results in a criminal offence is 2 ng of THC per milliliter of
blood within 2 h of driving (Government of Canada, 2019). However, as
discussed above, blood THC levels do not directly correlate with levels of
behavioural impairment as manifested in driving performance deficits.
In essence, measuring THC levels at roadside does not allow compre-
hensive conclusions to be drawn regarding cannabis-related impair-
ment, thus alternative measures are needed.

Much of the previous research examining the link between cannabis
use and driving safety consists of epidemiological and observational
studies (Salomonsen-Sautel et al., 2014; Asbridge et al., 2014; Bédard
et al., 2007; Laumon et al., 2005). Reviews of these studies have
consistently shown an increased crash risk for drivers who were under
the influence of cannabis compared to drivers who had not consumed
cannabis (Capler et al., 2017; Mura et al., 2003; Asbridge et al., 2012;
Mann et al., 2010; Li et al., 2013; Drummer et al., 2004; Dussault et al.,
2002; Biecheler et al., 2008; Brubacher et al., 2019), with indications
that driving after cannabis consumption is twice as likely as sober
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driving to result in a collision (Szumilas, 2010). However, these studies
have several limitations including potentially compromised data val-
idity such as inaccurate blood THC levels reported due to delays be-
tween the time of crash and the time of driver blood toxicology analysis
and information bias, such as drug presence presumptuously assumed to
result in drug impairment (Salomonsen-Sautel et al., 2014; Asbridge
et al., 2014; Bédard et al., 2007; Laumon et al., 2005; Lilienfeld, 1983;
World Health Organization, 2016). Another way to determine whether
associations and/or causal relationships are observed between cannabis
use and driving performance is to investigate this link experimentally
within controlled settings, including using driving simulators.

3. Driving simulators for cannabis research

Simulators are an attractive proxy for the real-world operation of
vehicles, as many of the practical, ethical, and safety issues involved
with testing human operators under the influence of drugs in the real
world are avoided (Caird et al., 2011; Fisher et al., 2017; Bruck et al.,
2021). Sophisticated simulation technology also provides the ability to
reproduce conditions in a controlled environment, capture precise
measurements of quantitative variables, receive real-time qualitative
assessment from trained evaluators, and design targeted test scenarios
and conditions, including challenging driving situations. Compared to
real world, on-road driving assessments, simulators allow for the safe
testing of driving performance without requiring impaired individuals to
join live traffic and potentially endanger themselves and others. Simu-
lators ensure that all participants experience the same driving scenario
without introducing a wide range of conditions that differ across in-
dividuals, such as differences in traffic, road structure, or environmental
conditions.

Several previous driving simulation studies have demonstrated as-
sociations between cannabis use and changes to driving performance
(Ogourtsova et al., 2018; Papafotiou et al., 2005; Ronen et al., 2008;
Micallef et al., 2018; Sexton, et al., 2000; Anderson et al., 2010; Downey
et al., 2013; Hartman et al., 2015; Lenné et al., 2010; Burt et al., 2021).
For instance, it has been shown that poorer lane-keeping, slower reac-
tion times, and slower driving speeds are observed following THC con-
sumption (Ogourtsova et al., 2018; Papafotiou et al., 2005; Ronen et al.,
2008; Micallef et al., 2018; Sexton, et al., 2000; Anderson et al., 2010;
Downey et al., 2013; Hartman et al., 2015; Lenné et al., 2010) relative to
pre-consumption. These effects on driving performance measures have
also been shown to increase in a dose-dependent manner (Bondallaz
et al., 2016; Ogourtsova et al., 2018; Ronen et al., 2008; Micallef et al.,
2018; Verstraete et al., 2006). However, reduced speed and minor
within-lane weaving in a generic scenario representing common,
everyday driving is not necessarily indicative of performance impair-
ments that compromise driving safety across the wide range of common
and challenging situations drivers face in everyday settings. This is likely
due to the use of preconfigured scenarios, not customized to this specific
research question.

To our knowledge, there have been no formally described ap-
proaches to provide guidance on how to construct customized driving
simulation scenarios that strategically test abilities shown to be affected
by cannabis. Here, we define “driving scenarios” as the terrain, driving
route, situations encountered, and environmental conditions (e.g.,
nighttime, poor weather) represented within a simulated drive. If not
designed in an evidenced-informed manner, driving scenarios may not
allow for a sensitive and reliable measurement of cannabis-related ef-
fects on safe driving performance. Driving simulators also provide the
ability to introduce graded challenges to test driving abilities under
typical and increasingly more difficult driving situations. Therefore, in
this paper we offer a framework for developing simulated driving sce-
narios to test for cannabis-related impairment in a controlled, repeat-
able, safe way, and offer a prototype driving simulation scenario as an
example of this approach. This approach takes into consideration the
pharmacological effects of cannabis, the resulting effects on sensory,
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motor, and cognitive abilities, and how impairments in these abilities
could negatively affect driving.

Scenarios can be developed to strategically target particular abilities,
such as the abilities that are most likely to be influenced by cannabis.
Numerous quantitative data variables can be measured over time and
results can be compared between control and experimental groups and
among experimental conditions. Driving simulators often also include
either a passenger seat or an operator station, thereby allowing for real-
time qualitative assessments by trained driving evaluators and/or post-
drive evaluations conducted using playback modes. However, the ad-
vantages of simulators can only truly be realized for this purpose if the
scenarios are designed in ways that, a) target the sensory, motor, and
cognitive abilities predicted to be affected by cannabis by, b) design
terrain elements, environmental conditions, and events that require
these abilities, c) allows meaningful, reliable, and valid outcome mea-
surements to be extracted. For example, cannabis is known to result in
reduced speed of processing. Speed of processing is required during
driving tasks requiring rapid responses to unexpected events. Response
time can be measured using braking performance. Therefore, intro-
ducing events within the driving scenario that require drivers to react
quickly, such as a pedestrian entering the roadway or a leading car
suddenly braking, will allow researchers to determine whether cannabis
use results in poorer driving performance as evidenced through slower
braking times. For many scenario elements, a range of difficulties should
be included, since it may be that some measures are only sensitive to
cannabis-related effects if the difficulty level is sufficiently high. This
graded-difficulty process further highlights the advantages of custom-
ized simulation scenarios in that it allows researchers to safely test
challenging situations and analyze performance patterns across different
difficulty levels within individual participants and across participants.
Factors such as route of administration and dosage of THC (as described
above), should be considered when developing driving simulation sce-
narios and experimental protocols. For example, the length of the
driving scenario should target a time window within which impairment
would most likely occur (e.g., based on method of consumption).

4. Proposed framework for developing simulated driving
scenarios

Impairment of any magnitude in drivers’ sensory, cognitive, or
motor abilities can potentially lead to unsafe driving (Leufkens et al.,
May 2007; Dewar and Olson, 2007; Simms, Dec. 1985; Frittelli et al.,
2009). Michon’s hierarchical model classifies driving behaviors into
three distinct levels of performance, namely the “operational level” (e.
g., controlling the steering, throttle, and brakes,), “tactical level” (e.g.,
maneuvering around obstacles, merging into traffic), and “strategic
level” (e.g., mapping out goals and routes) (Michon, 1985). Cannabi-
noids can affect all hierarchical levels of driving behaviours. For
instance, cannabinoids affect various parts of the central nervous sys-
tem, including the basal ganglia (psychomotor control), the hippocam-
pus (memory), and the neocortex (higher cognitive functions) (Iversen,
Jun. 2003). These effects can result in reduced abilities in the domains of
visual acuity, coordination, reaction time, concentration, tracking of
moving objects, divided attention, sustained attention, critical tracking,
working memory, and decision-making ability (Bondallaz et al., 2016;
Kalant and Porath-Waller, 2017; Ramaekers et al., 2006; Hartman and
Huestis, 2013; Salomonsen-Sautel et al., 2014; Ogourtsova et al., 2018;
Ashton, 2001; Capler et al., 2017). As such, simulated driving scenarios
should incorporate elements that target each driving behavioural level
(Campos et al., 2017). For instance, operational performance elements
should be implemented to assess drivers with impaired sensory pro-
cessing and motor coordination abilities, while strategic performance
elements may be useful to assess higher-level cognitive impairments
such as problems navigating to the desired destination. In order to
present graded difficulty levels, increased sensory, motor, or cognitive
loads can be introduced, such as by including, for example, low visibility
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environmental conditions (sensory), unexpected events (rapid motor
response), or multitasking requirements (cognitive) (Campos et al.,
2017). Below we highlight several representative cannabis-related ef-
fects and corresponding scenario elements and driving measures that
can be used to help quantify and characterize cannabis-related driving
impairments. These effects and associated scenario elements are sum-
marized in Table 1, although the examples listed are not mutually
exclusive or exhaustive.

4.1. Processing speed and reaction time

Slower processing speed has been consistently reported in

Table 1
Scenario features and dependent measures to target acute effects of cannabis
use.

Effects of Cannabis Use  Performance Representative Scenario
Dependent Components(Icons for events
Measures in Fig. 2 where applicable)*

Slower processing speed  Braking reaction Abrupt stoppage of preceding
and response times time vehicle
Steering reaction
time Unexpected pedestrian crossing

1 l@\\

Vehicle pulling out in path or
opening door

Sensory impairments Mean headway
Headway
variability

Mean speed
Speed variability
Task completion
time

Follow a preceding vehicle

Overtake a slow-moving vehicle

&

Merge on a highway

@

Turn across active bicycle lane

.

Poorer sustained and Variability in lane Extended road including

divided attention, position straight sections and gentle
poor situational Mean speed curves with limited surrounding
awareness Speed variability entities

Reacting to new or

unpredictable Potential hazard due to vehicle

events that may turn in front of the

Task completion

driver
time i

Unexpected object (e.g., animal)
in the driving scene

v

Right-of-way determination

O

* Note the examples presented in this table are not mutually exclusive or
exhaustive, e.g. perceptual impairments could affect lane deviations.
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individuals under the influence of cannabis (Ramaekers et al., 2006;
Ogourtsova et al., 2018; Sewell et al., 2009; O’Kane et al., 2002; Ronen
et al., 2008; Hart et al., 2001). For instance, a study by Ramaekers et. al
tested the abilities of individuals who had inhaled a single dose of
cannabis with 500 pg/kg THC prior to complete a stop signal task and
found that processing speed was significantly impaired within the first 2
h after inhalation compared to the placebo conditions (Ramaekers et al.,
2006). A study performed by Ronen et. al found that participant
response times were significantly higher (i.e. slower response) after
inhaling a 17 mg dose of THC compared to controls (Ronen et al., 2008).
These findings could reasonably be evidenced during a driving task
through poorer recognition of and reaction time to safety—critical tasks.
One example of a driving scenario element that can be used to measure
reaction time is to introduce an unexpected event, such as the abrupt
stoppage of preceding vehicles, a hidden pedestrian unexpectedly
walking in front of the participant’s vehicle, or a car suddenly pulling
out of a parking space. The drivers’ reaction times can be measured by
the onset of braking or steering responses following the triggering event.

4.2. Impaired sensory abilities

Sensory impairments from cannabis use are known to result in poorer
visual processing speed and depth perception (Bondallaz et al., 2016;
Kalant and Porath-Waller, 2017; Ashton, 2001; O’Kane et al., 2002;
Sexton, et al., 2000; Downey et al., 2013; Kurzthaler et al., 1999). Re-
ductions in these abilities may detrimentally affect driving tasks such as
maintaining headway (Bondallaz et al., 2016; Salomonsen-Sautel et al.,
2014; Ogourtsova et al., 2018; Ronen et al., 2008; Sexton, et al., 2000;
Anderson et al., 2010; Lenné et al., 2010), lane keeping (Bondallaz et al.,
2016; Salomonsen-Sautel et al., 2014; Ogourtsova et al., 2018; Sewell
et al., 2009; O’Kane et al., 2002; Ronen et al., 2008; Ronen et al., 2008;
Raes et al., 2008), and speed (Ronen et al., 2008; Lenné et al., May 2010;
Sexton, et al., 2000; Anderson et al., 2010; Downey et al., 2013). For
example, in terms of maintaining headway, cannabis use has been
associated with compensatory behaviours such as keeping a larger and
more variable (Bondallaz et al., 2016; Salomonsen-Sautel et al., 2014;
Ogourtsova et al., 2018; Ronen et al., 2008; Sexton, et al., 2000;
Anderson et al., 2010; Lenné et al., 2010) headway from preceding ve-
hicles, however the effect on driving safety is unclear. This can be tested
using a simulated driving framework with an uneventful stretch of
continuous driving where the driver must follow a preceding vehicle. To
titrate difficulty, curved road segments, unpredictable leading-vehicle
speed changes, and changing speed limits can be introduced.

Cannabis-related deficits in speed and distance estimation (Ronen
etal., 2008; Lenné et al., 2010; Robbe, 1998) may also influence the gap
judgements required for the safe overtaking of other vehicles, turning
left through a trafficked intersection, or merging into an active lane. This
requires the driver to use a more carefully constructed spatio-temporal
strategy than simply waiting for an excessively large gap. For both
overtaking, turning, and merging, the size of the gap selected to act on
may be examined, as well as evaluating speed variability, lane de-
viations, and time to initiate passing/turning maneuvers. Such con-
structs can be initiated either through examiner instructions, such as
directions to overtake a slow-moving or large vehicle when they deem it
safe to do so, or manipulating the scenario to ensure that the desired
maneuver must be completed to continue. An example of this manipu-
lation could be a stoppage of the preceding vehicle. The difficulty of this
task can be increased by including oncoming traffic, active environ-
mental conditions, and curved segments with visual occlusions such as
trees and buildings.

Previous literature has demonstrated that cannabis use can also
result in reductions in average speed and greater speed variability
compared to control groups (Salomonsen-Sautel et al., 2014; Sewell
etal., 2009; Ronen et al., 2008; Sexton, et al., 2000). One way to capture
this effect within the framework of a driving scenario is to have par-
ticipants first drive along a stretch of road with very few entity features
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(e.g., environmental conditions, other vehicles, trees, buildings, pedes-
trians, or cyclists). To increase the challenge of maintaining a specified
speed, curved road segments, turns, and variable speed limits/re-
quirements (e.g., traffic, road signs) can be introduced.

4.3. Sustained and divided attention and situational awareness

Negative effects of cannabis use include an impaired ability to suc-
cessfully sustain attention and perform divided attention tasks (Ashton,
2001; Bondallaz et al., 2016; Kalant and Porath-Waller, 2017; Ram-
aekers et al., 2006; Hartman and Huestis, 2013). Accurate maintenance
of lane positioning requires the driver to constantly attend to the current
lateral position, thus cannabis is expected to induce greater variability in
this positioning, possibly to the extent of inappropriate lane crossings
(Bondallaz et al., 2016; Salomonsen-Sautel et al., 2014; Ogourtsova
et al., 2018; Sewell et al., 2009; O’Kane et al., 2002; Ronen et al., 2008;
Ronen et al., 2008; Raes et al., 2008). For instance, a driving simulator-
based study by Ronen et al. found that the root mean square of drivers’
lane position increased significantly after inhaling both 13 mg and 17
mg doses of THC as compared to controls (Ronen et al., 2008). This
finding of significantly increased variation in lane position was likewise
drawn from another simulation-based study performed by Micallef et.
al., in which cigarettes containing 20 mg of THC (Micallef et al., 2018)
were administered. This was observed through drivers’ lane keeping
behaviours using simulator measures such as the standard deviation of
lane position and number of lane deviations. To target this ability within
a driving scenario, the driver could be asked to drive along an extended,
reasonably straight stretch of road while avoiding turns or requiring
intentional lane changes. To titrate difficulty, this stretch of road could
be made more complex by including curved road segments, turns, and
lane changes, as well as active environmental conditions such as rain
and reduced visibility. To specifically examine the effects of poorer
divided attention due to cannabis use, a secondary task (Ronen et al.,
2008; Lenné et al., 2010; Ramaekers et al., 2009; Ramaekers et al., 2016)
could be introduced, such as, requiring interactions with the infotain-
ment systems or navigation systems, or completing specific cognitive
tasks during driving (e.g., n-back working memory task, having a con-
versation). Situational awareness (Gugerty, 1997), is important for
recognizing scenario elements that, while not an immediate threat, may
pose a hazard in the short term such as animals or turning vehicles in the
periphery.

4.4. Sample complete scenario

As a working example we have developed a simulated driving sce-
nario that reflects the considerations and resulting features discussed
above for use in DriverLab at the Kite Research Institute (Fig. 1). Driv-
erLab features a 7 degrees-of-freedom motion system with a hydraulic
hexapod carrying a full passenger vehicle mounted on a turntable with a
360-degree visual projection dome (Haycock et al., 2016). Features for
generating challenging conditions include a rain simulator producing
real water droplets on the windshield and a glare simulator for recre-
ating the harsh glare of oncoming headlights at night (Campos et al.,
2017; Haycock et al., 2019). While DriverLab is a very high-fidelity
driving simulator enabling a wide range of driving situations and mea-
sures, the proposed framework can also be applied to driving simulators
with lower levels of fidelity by selecting suitable components within the
capabilities of that particular system.

The scenario contains a 24 km route with distinct terrain segments
(Fig. 2) intended to be completed when participants are at or near their
peak behavioural impairment due to cannabis consumption. This drive
takes approximately 30 min to complete in order to provide a variety of
features over the course of a reasonably natural drive, including specific
scenario elements shown via icons from Table 1. Several scenario ele-
ments are innocuous or include only subtle challenges in an effort to
look for a range of impairments without continual unrealistic
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Fig. 1. DriverLab at the Kite Research Institute.

Highway

Fig. 2. Overview of terrain segments in a sample driving scenario.

disruptions. The drive begins with 6 km of driving through the down-
town core of a city with many pedestrians, vehicles, and entity features
(e.g., high-rise and low-rise buildings, animals, trees, crosswalks, bus
stops, and traffic lights). The scenario then transitions to a 9 km stretch
of divided highway driving with significantly fewer entities, followed by
a 6 km stretch of driving through the countryside with some traffic
signals, vehicles, and weather changes including the onset of rain. The
scenario concludes with 3 km of driving in a residential neighbourhood.
To date, the scenario has been piloted using non-impaired drivers,
demonstrating good tolerance, feasibility, and validated procedures for
extracting simulated driving performance measures. In addition to pure
driving metrics from the simulator (such as measures based on driver
inputs, or vehicle dynamic states), other measures can also be examined
such as eye tracking (gaze direction, pupillometry), heart rate, respira-
tion rate, expert observer ratings, and subjective ratings or question-
naires. Testing with impaired drivers awaits regulatory approval.

5. Future directions

Here, we presented a framework for the assessment of cannabis use

on driving behaviors using driving simulation technologies. The pro-
posed framework incorporates various events and scenarios that are
based on theoretical and practical considerations specifically targeting
cannabis-related impairment integrated into a single driving session. To
fully establish this framework, it is crucial to validate it by comparing its
efficacy to other generic driving scenarios for detecting and/or charac-
terizing cannabis-related effects, including a careful determination of
the level of sensitivity and specificity, so data collection for this purpose
is the next logical step. Once validation has been successfully completed,
this approach can then be applied to study more specific questions
regarding cannabis-related driving impairment, such as the effects of
dose, route of administration, history of use, age, and association with
blood/saliva concentration levels. One key application, and the moti-
vating factor behind the development of this framework, is quantitative
determinations of cannabis-induced driving impairment to inform po-
tential improvements with roadside impairment testing. While the cur-
rent work has focused specifically on impairment due to cannabis,
interaction effects with alcohol use are also relevant and could be
examined in a similar fashion as these two substances are often taken
together, beginning with a consideration of the expected impairments
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from this combination.

Establishing the proposed framework has implications for both
regulation and research purposes. Upon successfully validation, the
presented framework can be adopted and modified by other researchers
in the field in order to study driving impairment as a result of cannabis
or other drugs/medications in a targeted manner. In working through
this process, simulator capabilities such as the field of view and avail-
ability of motion must be considered, as introducing some scenario
features, such as hard braking, may inadvertently introduce side-effects
or produce unrepresentative behaviour. In the context of regulation, a
careful and detailed evaluation of the key metrics capturing driving
performance deficits related to the use of cannabis could inform the
development of simplified roadside testing tools for authorities to
determine driving impairment more accurately. It can also be extended
to safety—critical fields other than driving, such as piloting aircrafts or
operating heavy machinery. This would entail following the procedure
set forth in this text, beginning with the identified acute effects of
cannabis use or the identification of acute effects from usage of the drug
under investigation. Next, the safe operating abilities within the desired
field must be determined to establish independent test measures and
dependent variables that can capture hypothesized deficits in perfor-
mance. Overall, hypothesis-driven approaches to simulation scenario
developments should be guided by targeting the sensory, motor, and
cognitive processes of interest, incorporating task requirements that
require these processes, and that are designed to extract outcome mea-
sures that address meaningful application-related implications.
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