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ARTICLE INFO ABSTRACT

Keywords: Background: Across the nation, growing numbers of individuals are exploring the use of cannabis for medical or
Cannabis recreational purposes, and the proportion of cannabis-positive drivers involved in fatal crashes increased from 8
Ma?ri'juana percent in 2013 to 17 percent in 2014, raising concerns about the impact of cannabis use on driving. Previous
E;«:;g studies have demonstrated that cannabis use is associated with impaired driving performance, but thus far,

research has primarily focused on the effects of acute intoxication.

Methods: The current study assessed the potential impact of cannabis use on driving performance using a cus-
tomized driving simulator in non-intoxicated, heavy, recreational cannabis users and healthy controls (HCs)
without a history of cannabis use.

Results: Overall, cannabis users demonstrated impaired driving relative to HC participants with increased ac-
cidents, speed, and lateral movement, and reduced rule-following. Interestingly, however, when cannabis users
were divided into groups based on age of onset of regular cannabis use, significant driving impairment was
detected and completely localized to those with early onset (onset before age 16) relative to the late onset group
(onset =16 years old). Further, covariate analyses suggest that impulsivity had a significant impact on per-
formance differences.

Conclusions: Chronic, heavy, recreational cannabis use was associated with worse driving performance in non-
intoxicated drivers, and earlier onset of use was associated with greater impairment. These results may be

Age of onset
Executive function
Impulsivity

related to other factors associated with early exposure such as increased impulsivity.

1. Introduction

To date, several countries, including Canada and Uruguay have
completely legalized cannabis, while in the United States, recreational
cannabis use is legal for adults in 11 US states and Washington DC; an
additional 33 states have fully legalized medical cannabis programs
(National Conference of State Legislatures NCSL, 2019). In the US,
national surveys indicate that approximately 123.9 million people aged
12 or older have tried cannabis at least once, and 27.7 million report
past month use (Substance Abuse and Mental Health Services
Administration SAMHSA, 2019). In addition, a recent Canadian survey
indicated that approximately 4.4 million Canadians aged 15 or older
reported using cannabis at least once in the past year (Canadian
Tobacco, Alcohol and Drugs Survey CTADS, 2019). Further, the most
recent US National Roadside Survey, which collected data from 2013 to

2014, reported that cannabis is the second most commonly detected
substance (second only to alcohol) in randomized, voluntary assess-
ments of drivers; 12.6 % of weekend, night-time drivers aged 16 or
older tested positive for cannabis, representing a 48 % increase from the
last national survey performed in 2007 (Berning et al., 2015). Addi-
tional data from the US National Survey of Drug Use and Health col-
lected between 2002 and 2014 indicates that 3.2 % of individuals aged
16-25 reported driving while intoxicated with cannabis (Azofeifa et al.,
2015). Similarly, the Canadian Road Safety Monitor survey, which has
gathered information on drugged driving since 2002, indicated that
approximately 2.9 % of Canadians reporting driving within two hours
of using cannabis (Robertson et al., 2017).

Significant evidence suggests that acute cannabis intoxication, the
result of exposure to A-9 tetrahydrocannabinol (THC), the primary
psychoactive constituent of the plant, is associated with impaired
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driving (reviewed in Hartman and Huestis, 2013; Compton, 2017), and
higher blood serum concentrations of THC-related metabolites are as-
sociated with greater impairment (e.g., Khiabani et al.,, 2006;
Ramaekers et al., 2004), although results are somewhat heterogenous
across studies. Specifically, driving under the influence of cannabis
(DUIC) has been associated with slower driving in a number of in-
vestigations (e.g., Anderson et al., 2010; Lenné et al., 2010; Ronen
et al., 2008, 2010); however, others did not observe this relationship
(e.g., Liguori et al., 1998; Robbe, 1998). Acute cannabis intoxication
has also been associated with increased lateral movement such as lane
weaving in some studies (e.g., Lenné et al., 2010; Ronen et al., 2008;
Robbe, 1998) but not others (e.g., Anderson et al., 2010; Ronen et al.,
2010). Increased brake latency has been reported by Liguori et al.
(1998), but a later study by this group did not replicate this finding
(Liguori et al., 2002). In addition, some evidence suggests decreased
response time while driving (e.g., Lenné et al., 2010), but this is not
always observed (e.g., Liguori et al., 1998). Interestingly, in several
studies, drivers demonstrated insight regarding their intoxication and
reported adopting a slower driving style in an attempt to compensate
for their impairment (reviewed in Sewell et al., 2009).

Further, several epidemiological studies have reported that DUIC
significantly increases the odds of motor vehicle collisions (e.g.,
Asbridge et al., 2014; Bédard et al., 2007); however, some have sug-
gested that once confounding variables (e.g., blood alcohol level) are
controlled for, cannabis use no longer significantly impacts the odds of
collision (e.g., Blows et al., 2005). Two meta-analyses reported that
pooled odds ratios from these studies indicate a moderate to high risk of
cannabis use on vehicle collisions (Asbridge et al., 2012; Li et al., 2012),
but more recent meta-analyses indicate that publication bias may have
inflated these numbers and that the increased risk may only be low to
moderate, at an approximately 20-30 % higher likelihood (Elvik, 2013;
Rogeberg and Elvik, 2016). Additionally, studies assessing driving after
acute cannabis intoxication have reported increased collisions in some
(e.g., Ronen et al., 2008, 2010) but not all studies (e.g., Anderson et al.,
2010; Liguori et al., 1998).

Despite increasing numbers of cannabis consumers and research
efforts focused on the relationship to driving performance, findings thus
far remain limited. The cannabinoid metabolite examined in traditional
assays (11-nor-9-carboxy-THC) has a long half-life, and the period of
detection in biological samples can be several days or weeks after last
use; accordingly, these assays do not provide accurate information re-
garding acute intoxication or recency of cannabis use. Further, in
contrast to the alcohol per se limit in the US and Canada (=0.08 %
blood alcohol concentration), there is no currently accepted threshold
for THC-related metabolites that indicates acute intoxication. Many
roadside survey studies of DUIC continue to utilize these assays to de-
termine intoxication status even though their limitations are well-
known. Additionally, epidemiologic studies generally do not exclude
individuals who use multiple substances, making it difficult to distin-
guish the specific impact of cannabis.

Experimental studies have primarily focused on the impact of acute
cannabis intoxication on driving. Interestingly, while the effects of
acute cannabis intoxication on driving performance have been studied
extensively in regular cannabis users (e.g., Anderson et al., 2010; Lenné
et al., 2010; Liguori et al., 1998, 2002; Robbe, 1998; Ronen et al., 2008,
2010) as well as in non-users (e.g., Robbe, 1998), to our knowledge,
driving performance has never been assessed in cannabis users when
they are not acutely intoxicated.

Further, previous studies examining the impact of recreational
cannabis use on a range of outcome variables have emphasized the
importance of thoroughly assessing cannabis use characteristics, parti-
cularly age of onset of cannabis use, as data suggest that adolescent
onset of use is related to poorer cognitive performance and neurode-
velopmental changes to both grey and white matter (reviewed in
Gruber and Sagar, 2017; Lisdahl, 2013; Sagar and Gruber, 2018).
Specifically, earlier onset of cannabis use is related to difficulties on
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tasks of executive function while those with later cannabis onset appear
more similar to control subjects (e.g., Battisti et al., 2010; Fontes et al.,
2011; Gruber et al., 2012a). Additionally, earlier age of cannabis onset
and increased frequency and magnitude of cannabis use have also been
shown to predict greater impairment of executive function and vice
versa in recreational cannabis users (e.g., Dahlgren et al., 2016;
Squeglia et al., 2014). Importantly, these studies have demonstrated
poorer cognitive performance in chronic recreational cannabis users,
even in the absence of acute intoxication, suggesting there may be re-
sidual cognitive impairment associated with heavy cannabis use.

Given the increasing numbers of recreational and medical cannabis
users, it is imperative to assess the potential residual impact of chronic,
heavy cannabis use on driving performance, which has not thoroughly
been addressed, as previous studies have primarily focused on impair-
ments related to acute intoxication. Consistent with previous research
on cannabis use and cognitive function, we hypothesized that heavy,
recreational cannabis users would demonstrate impairment on a driving
simulator task relative to healthy control participants, even in the ab-
sence of acute cannabis intoxication, and that impaired performance
would be primarily localized to early onset cannabis users.

2. Materials and methods
2.1. Participants

As part of a larger comprehensive study, cannabis users (n = 28)
and non-cannabis using, healthy control (HC) subjects (n = 17) were
recruited from the Greater Boston Metropolitan area. Prior to partici-
pation in this study, all procedures were thoroughly explained to par-
ticipants, including the voluntary nature of the study. Additionally, all
participants were required to read and sign an informed consent form
approved by the Partners Healthcare Institutional Review Board.

Cannabis users were defined as chronic, heavy, recreational users
who used at least five of the last seven days, reported at least 1500
lifetime uses, and tested positive for urinary cannabinoids. Importantly,
cannabis users abstained from cannabis use for at least 12 h before their
study visit to ensure that they were not acutely intoxicated at the time
of assessment. If any participant endorsed cannabis use within the 12-h
abstinence period or appeared to be intoxicated, they were compen-
sated for their time and rescheduled.

Upon arrival at the laboratory, all participants provided a urine
sample that was tested using an in-house triage kit assessing for drugs of
abuse (e.g., cocaine, opiates, cannabis, etc.). This procedure was re-
quired for three reasons: (a) to ensure negative drug status among all
participants (except for THC-metabolites in the cannabis-using group);
(b) to confirm the presence of THC-metabolites in the cannabis-using
group; (c) and to encourage cannabis users to adhere to the 12-hr ab-
stinence period, as cannabis users were led to believe that the urine
sample could be used to determine compliance with the abstinence
request, which is a method we have successfully utilized in the past
(e.g., Gruber et al., 2014, 2012a; 2012b). A portion of the sample was
sent to an outside laboratory for quantification of urinary THC-meta-
bolite concentration with creatinine correction via gas chromato-
graphy-mass spectrometry.

In order to further explore the potential impact of age of onset of
cannabis use on driving performance, the cannabis-using group was
subdivided into two groups based on their age of onset of cannabis use,
which was defined as the age of consistent, regular cannabis use (i.e., at
least once per month). The early onset group included those with reg-
ular heavy cannabis use prior to or at age 16 (n = 14) while the late
onset group included those with regular heavy cannabis use after age
16 (n = 14).

2.2. Assessments

Participants were administered the Structured Clinical Interview for
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DSM-IV, Patient Edition (SCID; First et al., 1994) to ensure that no Axis
I pathology was present other than cannabis abuse or dependence in the
cannabis-using groups. Participants also completed the Wechsler Ab-
breviated Scale of Intelligence (Wechsler, 1999), which provides an
estimate of IQ. Individuals were excluded from the study if they re-
ported a significant head injury with loss of consciousness, history of
any neurological disorder, estimated IQ < 75, current or previous use
of psychotropic medication, current heavy alcohol use (regular con-
sumption of > 20 drinks/week), binge drinking (defined by the Na-
tional Institute on Alcohol Abuse and Addiction as when men consume
=5 drinks in 2h or when women consume =4 drinks in 2h), or a
history of illicit substance use (> 20 lifetime uses). In addition, HC
participants were excluded if they reported more than 20 lifetime uses
of cannabis. All participants had to be in possession of a valid driver’s
license and report driving regularly.

Cannabis use was assessed via a modified timeline follow-back
procedure customized for cannabis use (TLFB; Sobell et al., 1998) to
provide qualitative information regarding the type of products used
(e.g., joint, blunt, edible, etc.) and mode of use (e.g., smoke, vape, in-
gest, etc.) as well as quantitative information regarding frequency
(episodes/week) and magnitude (grams/week) of use. The SCID was
used to confirm lifetime cannabis use information such as estimated
lifetime uses and age of onset of regular use. Additionally, all cannabis
users completed the Cannabis Use Disorder Identification Test-Revised
(CUDIT-R; Adamson et al., 2010). As cannabis users were required to
abstain from cannabis use for at least 12h prior to completing the
driving simulator paradigm, they completed a modified version of the
Marijuana Withdrawal Checklist (MWC; Budney et al., 1999). The
modified MWC is a 16-item self-report scale in which respondents rank
symptoms associated with cannabis withdrawal (e.g., irritability,
craving, etc.) as none, mild, moderate, or severe (numerically ranked
from 0 to 3). The range of potential scores on this version of the MWC is
0-48.

Participants also completed the Barratt Impulsiveness Scale-11 (BIS;
Patton et al., 1995), which is a self-report assessment that measures
impulsivity across three domains: attention (e.g., “I don’t pay atten-
tion”); motor (e.g., “I act on impulse”); and non-planning (e.g., “I say
things without thinking”). A total score of all subscales was also cal-
culated to reflect general impulsivity.

2.3. Driving simulator

Driving simulator paradigms allow for measurement of driving
performance while minimizing actual risk to participants and others.
The driving simulator used in the current study included a GTR simu-
lator racing seat, Logitech G27 racing kit (dual-motor force feedback
mechanism with quiet helical gearing; a six-speed shifter with push-
down reverse gear; integrated RPM/shift indicator LEDs; an 11-inch
leather-wrapped rim; and steel gas, brake, and clutch pedals), a 19-inch
monitor, and surround sound speakers.

The driving simulator software and paradigm (STISIM Drive,
Systems Technology Inc.) consists of 4.2 miles of simulated driving and
takes approximately 10 min to complete. It includes both rural and
urban driving conditions with road hazards, including stop signs, traffic
lights, merges, turns, yielding to pedestrians, and reacting to other
vehicles. Dependent variables on the task are grouped by subtype and
include accidents (number of collisions, pedestrians hit, and off-road
accidents); rule-following (number of missed stop signs, stops at red
lights, and illegal turns); speed (number of speed exceedances, total run
length, and percentage of distance driven over the speed limit); and
lateral movement (number of centerline crossings, road edge excur-
sions, and percentage of distance driven out of lane).

2.4. Statistical analyses

Driving simulator performance data was screened for outliers,
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defined as values beyond the 1.5 interquartile range. One HC partici-
pant was removed from the analyses due to outlier driving simulator
performance (final HC n = 16). One-way analyses of variance
(ANOVAs) were used to assess between-group differences for two dif-
ferent analyses: two-group (HC versus all cannabis users) and three-
group (HC versus early onset cannabis users versus late onset cannabis
users). Scheffé post hoc comparisons were used to assess between-group
differences for the three-group analyses. Additionally, if significant
between-group differences were observed for any demographic variable
(e.g., IQ, impulsivity, etc.), analyses of covariance (ANCOVAs) were
conducted in order to control for these variables and assess their impact
on driving simulator performance. Lastly, bivariate correlation analyses
were conducted to further assess the relationship between driving
performance and age of cannabis onset. Given substantial scientific
evidence demonstrating adolescent onset of cannabis use is associated
with poorer cognitive performance even in the absence of acute in-
toxication (reviewed in Gruber and Sagar, 2017; Lisdahl, 2013; Sagar
and Gruber, 2018), one-tailed analyses were used for the current study.

3. Results
3.1. Two-group analyses: healthy controls versus all cannabis users

HC and all cannabis users were well-matched for age, IQ, and al-
cohol use (Table 1). With regard to impulsivity, the cannabis-using
group reported significantly higher BIS scores on the attention and non-
planning subscales as well as overall total BIS score (all ps < .01)
compared to the HC group. No significant between-group differences
were noted for the BIS motor subscale.

On the driving simulator task, the cannabis-using group exhibited
significantly impaired performance compared to the HC group (Table 2;
Fig. 1). Cannabis users hit significantly more pedestrians (p = .03),
missed more stop signs (p = .04), made fewer stops at red lights
(p = .02), had more speed exceedances (p = .03), drove a greater per-
centage of distance over the speed limit (p = .04), and made more
centerline crossings (p = .05) relative to HC participants; there was also
a non-significant trend for cannabis users to have a greater percentage
of distance driven out of lane. The HC and cannabis-using groups had
similar numbers of collisions, total run length, and road edge excur-
sions. None of the participants in either the HC or cannabis-using
groups had any off-road accidents or made any illegal turns.

Given significant between-group differences for impulsivity be-
tween HCs and cannabis users, ANCOVAs were also performed for
driving simulator performance data. Once total BIS score was controlled
for in the analyses, no significant differences between the HC and
cannabis users remained for driving performance, other than a non-
significant trend for cannabis users to make fewer stops at red lights

( = .06).

3.2. Three-group analyses: healthy controls versus early onset cannabis
users versus late onset cannabis users

The three-group comparisons revealed that HC participants, early
onset cannabis users, and late onset cannabis users were well-matched
for age, IQ, and alcohol use (Table 3). In terms of cannabis use patterns,
no significant differences were noted between early and late onset users
for number of use episodes per week, total grams used per week,
duration of use (yrs), urinary THC/creatinine ratio, or CUDIT-R scores.
As expected, age of onset of cannabis use distinguished the two groups
(p < .01). Further, both early and late onset users reported similar
levels of withdrawal symptoms on the 16-item MWC (M = 7.71 and
M = 6.93, respectively). Given that the range of possible scores on this
version of the MWC is from O to 48, the group averages were very low,
suggesting that the cannabis users did not experience many withdrawal
symptoms despite at least 12h of abstinence. With regard to im-
pulsivity, significant differences emerged between the three groups for
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Table 1
Demographic Information: Healthy Control (HC) versus Cannabis Users (CU).
Demographic Variables HC CuU ANOVA (2-tailed)”
n=16 n=28
F p ()

Sex 6M, 10F 23 M, 5F - -
Handedness 16R, OL 27R, 1L - -
Age 22.94 + 3.96 22.96 + 5.56 < 0.01 .99 (< .01)
1Q: WASI” 123.55 + 6.85 117.71 + 10.11 3.08 .09 (.08)
Alcohol Use (days out of last 30)" 4.96 = 4.50 6.52 + 4.48 0.96 .33 (.03)

Cannabis Use Variables
Age of Cannabis Onset* - 15.95 + 2.04 - -
Cannabis Use Episodes/Week® - 14.76 = 12.34 - -
Cannabis Grams Used/Week® - 5.24 * 6.42 - -
Duration of Cannabis Use (yr)° - 7.43 = 6.45 - -
Urinary THC/Creatinine Ratio (ng/ml)d - 480.58 + 663.56 - -
CUDIT-R Score® - 15.57 + 5.30 - -
MWC* - 7.32 = 3.67 - -

Impulsiveness: BIS”
Attention 13.00 = 3.58 16.64 = 3.12 9.93 < .01 (.21)
Motor 20.73 = 4.92 23.14 + 4.08 2.47 .13 (.06)
Non-Planning 18.46 + 5.17 24.79 + 5.02 12.36 < .01 (.25)
Total 52.18 = 12.85 64.57 *+ 9.23 11.35 <.01 (.24)

Abbreviations: Analysis of Variance (ANOVA); Barratt Impulsiveness Scale (BIS); Cannabis Use Disorder Identification Test-Revised (CUDIT-R); Marijuana
Withdrawal Checklist (MWC); Tetrahydrocannabinol (THC); Wechsler Abbreviated Scale of Intelligence (WASI).

Notes:
Bold numbers are significant at p < .05 (2-tailed).
Italicized numbers are significant at p < .10 (2-tailed).
2 Degrees of Freedom (df) = 1,42 unless otherwise noted.

b df =1,37.
¢ n=28.
4 n =26

the attention and non-planning subscales, as well as BIS total (all
ps<.01), but no significant differences were noted on the motor sub-
scale. Scheffé post hoc tests indicated that the HC group reported sig-
nificantly lower BIS scores relative to early and late onset groups for the
attention (p = .03 and p = .04) and non-planning subscales (p = .01
and p = .07) as well as total BIS scores (p = .01 and p = .05). No

Table 2

significant differences were noted between the early and late cannabis
onset groups on the BIS.

For the driving simulator data, omnibus ANOVAs revealed sig-
nificant between-group differences for collisions (p = .03), missed stop
signs (p = .02), stops at red lights (p = .01), and percentage of distance
driven over the speed limit (p = .05; Table 4, Fig. 1). Additionally,

Driving Simulator Performance: Healthy Control (HC) versus Cannabis Users (CU) Analyses of Variance (ANOVA) and Analyses of Covariance (ANCOVA) Controlling

for Impulsivity.

Driving Simulator Variables HC CU ANOVA (1-tailed)? ANCOVA (1-tailed)®
n=16 n=28
F p (") F p (Y
Accidents
# Pedestrians Hit 0.94 + 0.93 1.57 = 1.10 3.75 .03 (.08) 0.21 .33 (.01)
# Collisions 1.06 = 0.85 1.21 * 1.07 0.24 .32 (.01) 0.28 .30 (.01)
# Off-Road Accidents 0.00 = 0.00 0.00 = 0.00 - - - -
Rule-Following
# Missed Stop Signs 0.56 + 0.73 1.04 = 0.92 2.28 .04 (.07) 0.01 .47 (< .01)
# Stops at Red Lights 0.75 + 0.77 0.36 + 0.49 4.28 .02 (.09) 2.57 .06 (.07)
# Illegal Turns 0.00 = 0.00 0.00 = 0.00 - - - -
Speed
# Speed Exceedances 4.50 = 3.33 6.64 = 3.61 3.83 .03 (.08) 41 .26 (.01)
Total Run Length (s) 585.91 + 89.90 552.24 + 88.69 1.45 .12 (.03) <.01 48 (< .01)
% Distance Over Speed Limit 7.50 = 7.40 15.37 + 16.66 3.18 .04 (.07) 0.48 .25 (.01)
Lateral Movement
# Centerline Crossings 4.88 = 1.75 6.00 = 2.23 3.01 .05 (.07) 0.21 .33 (.01)
# Road Edge Excursions 3.38 + 2.00 3.39 + 1.45 < 0.01 .49 (< .01) 0.04 42 (< .01)
% Distance Out of Lane 8.50 = 3.01 9.30 + 3.13 1.64 .10 (.04) 0.03 43 (< .01)

Notes:

Bold numbers are significant at p < .05 (1-tailed).

Italicized numbers are significant at p < .10 (1-tailed).
@ Degrees of Freedom (df) = 1,42.

b ANCOVA with Barratt Impulsiveness Scale (BIS) Total Score included as a covariate; df = 1,36.
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Fig. 1. Driving Simulator Performance Analyses. The two-group assessments comparing the healthy control (HC) participants to all chronic, heavy cannabis users (CU)
are on the left side of the graphs. The three-group assessments comparing HC versus early onset cannabis users (Early) versus late onset cannabis users (Late) are on
the right side of the graphs. Note: ** denotes significance at p < .05 and * denotes significance at p < .10 (1-tailed).

there were non-significant trends for between-group differences for
number of pedestrians hit (p = .08), number of speed exceedances
(p = .06), and number of centerline crossings (p = .07). No significant
between-group differences were detected for total run length, number
of road edge excursions or percentage of distance driven out of lane.

None of the participants in any of the groups had any off-road accidents

or made any illegal turns.

Scheffé post hoc tests indicated that poorer task performance was
primarily localized to the early onset cannabis group (Fig. 1). Specifi-
cally, the early onset cannabis group had significantly more collisions
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Table 3
Demographic Information: Healthy Control (HC) versus Early Cannabis Onset versus Late Cannabis Onset.

Demographic Variables HC Early Onset Late Onset ANOVA (2-tailed)*
n=16 n=14 n=14
F p (1Y)
Sex 6M, 10F 13M, 1F 10M, 4F - -
Handedness 16R, OL 13R, 1L 14R, OL - -
Age 22.94 + 3.96 23.14 = 7.07 22.79 + 3.77 0.02 .98 (< .01)
1Q: WASI” 123.55 + 6.85 116.00 *+ 12.99 119.43 * 6.11 2.01 .15 (.10)
Alcohol Use (days out of last 30)" 4.97 = 4.50 5.82 = 231 7.21 = 5.94 0.81 .45 (.04)
Cannabis Use Variables
Age of Cannabis Onset* - 14.00 + 1.04 17.36 + 1.08 70.21 <.01(.73)
Cannabis Use Episodes/Week® - 11.88 = 4.56 17.65 = 16.66 1.56 .22 (.06)
Cannabis Grams Used/Week® - 4.43 = 2.66 6.05 = 8.77 0.44 .51 (.02)
Duration of Cannabis Use (yr)° - 9.57 £ 7.98 5.29 = 3.58 3.36 .08 (.12)
Urinary THC/Creatinine Ratio - 408.43 + 594.23 564.75 = 754.35 0.35 .56 (.01)
CUDIT-R Score® - 15.14 = 4.59 16.00 = 6.08 0.18 .68 (.01)
MWC (16-item)® - 7.71 = 414 6.93 = 3.25 0.31 .58 (.01)
Impulsiveness: BIS
Attention® 13.00 + 3.58 16.79 + 3.17* 16.50 = 3.18* 4.87 .01 (.21)
Motor® 20.73 = 4.92 23.00 = 4.49 23.29 +* 3.79 1.22 .31 (.06)
Non-Planning® 18.46 + 5.17 26.36 = 4.27* 23.21 * 5.37** 7.91 <.01 (.31)
Total® 52.18 + 12.85%* 66.14 + 7.83* 63.00 + 10.50* 5.94 .01 (.25)

Abbreviations: Analysis of Variance (ANOVA); Barratt Impulsiveness Scale (BIS); Cannabis Use Disorder Identification Test-Revised (CUDIT-R); Marijuana Withdrawal
Checklist (MWC); Tetrahydrocannabinol (THC); Wechsler Abbreviated Scale of Intelligence (WASI).
Notes:
Bold numbers are significant at p < .05 (2-tailed).
Italicized numbers are significant at p < .10 (2-tailed).
* Scheffé Post Hoc Analyses indicated significant differences between pairs at p < .10 (2-tailed).
** Scheffé Post Hoc Analyses indicated significant differences between pairs at p < .05 (2-tailed).
2 Degrees of Freedom (df) = 2,41 unless otherwise noted.

b df = 2,35.
¢ df = 1,26.
4 df = 1,24.
e df = 2,36.
Table 4

Driving Simulator Performance: Healthy Control (HC) versus Early versus Late Onset Cannabis Users Analyses of Variance (ANOVA) and Analyses of Covariance
(ANCOVA) Controlling for Impulsivity.

Driving Simulator Variables HC Early Onset Late Onset ANOVA (1-tailed)” ANCOVA (1-tailed)”
n=16 n=14 n=14
F p (") F P ()
Accidents
# Pedestrians Hit 0.94 = 0.93 1.64 + 1.22 1.50 = 1.02 1.90 .08 (.09) 0.12 .45 (.01)
# Collisions 1.06 = 0.85 1.64 = 1.28** 0.79 = 0.58** 3.02 .03 (.13) 3.01 .03 (.15)
# Off-Road Accidents 0.00 = 0.00 0.00 = 0.00 0.00 = 0.00 - - - -
Rule-Following
# Missed Stop Signs 0.56 = 0.73** 1.36 = 01.01*~ 0.71 = 0.73 3.79 .02 (.16) 1.65 .10 (.09)
# Stops at Red Lights 0.75 = 0.78** 0.14 + 0.36° 0.57 = 0.51* 4.14 .01 (.17) 3.05 .03 (.15)
# Illegal Turns 0.00 + 0.00 0.00 = 0.00 0.00 = 0.00 - - - -
Speed
# Speed Exceedances 4.50 + 3.33* 7.21 * 3.42* 6.07 = 3.77 2.28 .06 (.10) 0.44 .32 (.02)
Total Run Length (s) 585.91 *= 89.90 539.00 * 105.32 565.49 * 69.75 1.03 .18 (.05) 0.24 .40 (.01)
% Distance Over Speed Limit 7.50 = 7.40** 18.79 + 20.90** 11.94 + 10.68 2.46 .05 (.11) 0.87 .22 (.05)
Lateral Movement
# Centerline Crossings 4.88 + 1.75*% 6.43 + 2.53* 557 = 1.87 2.12 .07 (.09) 0.44 .32 (.03)
# Road Edge Excursions 3.38 = 2.00 3.50 = 1.56 3.29 = 1.38 0.06 47 (< .01) 0.10 .45 (.01)
% Distance Out of Lane 8.50 = 3.01 10.44 = 4.06 9.06 + 1.78 1.54 .11 (.07) 0.51 .30 (.03)

Notes: Bold numbers are significant at p < .05 (1-tailed).

Italicized numbers are significant at p < .10 (1-tailed).
* Scheffé Post Hoc Analyses indicated significant differences between pairs at p < .10 (1-tailed).
** Scheffé Post Hoc Analyses indicated significant differences between pairs at p < .05 (1-tailed).
@ Degrees of Freedom (df) = 2,41.
b ANCOVA with Barratt Impulsiveness Scale (BIS) Total Score included as a covariate; df = 1,36.
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(p = .03), more missed stop signs (p = .02), fewer stops at red lights
(p = .01), and drove a greater percentage of distance over the speed
limit (p = .05) relative to the HC group. Additionally, several non-sig-
nificant trends were observed in which the early onset group had poorer
performance relative to both the HC and late onset groups. The early
onset cannabis group tended to make more speed exceedances (p = .06)
and more centerline crossings (p = .07) than the HC group. Further, the
early onset group tended to miss more stop signs (p = .07) and make
fewer stops at red lights (p = .08) than the late cannabis onset group.
While there was a non-significant trend for between-group differences
on the number of pedestrians hit, none of the post hoc comparisons
approached significance. Interestingly, no significant differences were
noted between the HC and late cannabis onset groups for any of the
driving simulator variables. Additionally, correlation analyses indicated
that age of onset of cannabis use was negatively correlated with number
of collisions (r(26) = —.40, p = .02) as well as missed stop signs (r(26)
= —.32, p = .05), suggesting that earlier onset of cannabis use is as-
sociated with impaired driving skills, specifically increased collisions
and missed stop signs; however, significant relationships were not de-
tected between age of onset of cannabis use and other driving simulator
variables. Interestingly, no significant relationships were observed be-
tween driving simulator performance and any of the other cannabis use
variables.

Given significant between-group differences on the BIS, ANCOVAs
controlling for total BIS impulsivity scores were completed.
Interestingly, when total BIS score was included as a covariate, only the
total number of collisions and stops at red lights (both ps = .03) re-
mained significantly different between groups, with the early onset
cannabis users demonstrating poorer performance; the remaining
driving simulator variables were no longer significantly different after
controlling for impulsivity.

4. Discussion

Data from the current study suggest that chronic cannabis use is
associated with impaired driving performance even in the absence of
acute intoxication. Poorer performance was observed in the cannabis-
using group, with increased accidents, speeding, and lateral movement
as well as decreased rule-following relative to HC participants.
Importantly, when cannabis users were divided into those with early
versus late onset, results revealed that impairment was primarily lo-
calized to the early onset group. These findings provide evidence that
non-intoxicated early onset cannabis users demonstrate poorer driving
performance, suggesting that there may be a residual impact of chronic,
heavy, recreational cannabis use, particularly when regular use is in-
itiated during early adolescence. However, it is important to note that
when self-reported impulsivity was controlled for, most of the sig-
nificant differences between the HC and cannabis users were no longer
significant, suggesting that increased impulsivity within the cannabis
users impacts, at least in part, the performance differences observed on
the driving simulator.

The current study extends previous findings demonstrating that
early cannabis onset is associated with a broad variety of cognitive
decrements including poorer attention, visuospatial skills, verbal
memory, and executive functioning (reviewed in Gruber and Sagar,
2017; Lisdahl, 2013; Sagar and Gruber, 2018) as well as alterations in
functional brain activation (e.g., Hatchard et al., 2014; Sagar et al.,
2015; Schweinsburg et al., 2008), and reduced integrity of white matter
microstructure (e.g., Clark et al., 2012; Gruber et al., 2014). Further,
findings related to increased number of collisions in non-intoxicated,
early-onset cannabis users are similar to reports from acute intoxication
studies demonstrating increased number of collisions (Ronen et al.,
2008, 2010) as well as epidemiological studies indicating increased risk
of motor vehicle collisions associated with DUIC (Asbridge et al., 2012;
Elvik, 2013; Li et al., 2012; Rogeberg and Elvik, 2016). Additionally,
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earlier age of onset was associated with poorer driving simulator per-
formance; previous studies have also demonstrated a link between
earlier age of onset and poorer cognitive performance (e.g., Dahlgren
et al., 2016; Ehrenreich et al., 1999; Squeglia et al., 2014).

Results from the current study indicate an impulsive style of driving
performance in non-intoxicated cannabis users, particularly in those
with early onset of use, characterized by increased accidents, speeding,
and lateral movement, and decreased rule-following. This is further
underscored by the BIS data, with cannabis users reporting significantly
higher levels of impulsivity relative to controls. Studies of acutely in-
toxicated individuals as well as DUIC have also shown impaired driving
performance, but with a slightly different characterization than ob-
served in the current study. Acute cannabis intoxication is associated
with slower driving (e.g., Anderson et al., 2010; Lenné et al., 2010;
Ronen et al., 2008, 2010); increased number of collisions (Ronen et al.,
2008, 2010); increased lateral movement such as lane weaving (e.g.,
Lenné et al., 2010; Ronen et al., 2008; Robbe, 1998), increased brake
latency (Liguori et al., 1998), and slower reaction time (e.g., Lenné
et al., 2010). Interestingly, across several studies, drivers demonstrated
insight regarding their intoxication and reported adopting a slower
driving style in an attempt to compensate for impairment (reviewed in
Sewell et al., 2009). The main difference between acute impairment/
DUIC findings and results of the current study is driving speed; acute
intoxication is associated with slower driving, whereas chronic use
without acute intoxication is associated with faster driving. Taken to-
gether, the discrepancy between these findings suggests that acute
cannabis intoxication results in a different type of driving impairment
relative to residual impairment in the absence of acute cannabis in-
toxication, which appears to be associated with an impulsive style of
driving.

One important question raised by current study is whether the ob-
served driving impairment is directly related to early onset cannabis use
or other mediating factors. Given the extensive literature demonstrating
that early onset cannabis users demonstrate cognitive decrements re-
lative to HC participants (reviewed in Gruber and Sagar, 2017; Lisdahl,
2013; Sagar and Gruber, 2018) as well as findings indicating that late
onset cannabis users appear more similar to HC participants (e.g.,
Ehrenreich et al., 1999; Fontes et al., 2011; Gruber et al., 2012a;
Schuster et al., 2016), it is possible that cannabis use during critical
periods of neurodevelopment may mediate observed cognitive deficits.
However, it is also possible that confounding factors (e.g., impulsivity,
sensation seeking, etc.) associated with earlier onset of cannabis use
may mediate these deficits. Several longitudinal studies have observed
that behavioral problems, which may be an indicator of lack of in-
hibitory control, often precede cannabis use in adolescents (e.g., King
et al.,, 2004; Fergusson et al., 2007; Griffith-Lendering et al., 2011;
Pedersen et al., 2001). However, although cannabis users typically
demonstrate significantly higher levels of impulsivity on self-report
measures such as the BIS relative to control participants (reviewed in
Wrege et al., 2014), performance deficits on neuropsychological as-
sessments of inhibitory control are not always consistently observed
(e.g., Griffith-Lendering et al., 2012; Gruber et al., 2012b; Harding
et al., 2012). With regard to driving, earlier onset of cannabis use (Le
Strat et al., 2015) as well as increased risk-taking behaviors and sen-
sation-seeking (Bergeron and Paquette, 2014; Bergeron et al., 2014;
Richer and Bergeron, 2009) have been shown to be associated with
DUIC, suggesting that each of these variables may contribute to an
overall reckless style of driving. In the current study, after controlling
for differences in impulsivity, HC participants and cannabis users gen-
erally displayed similar driving simulator performance, indicating that
impulsivity significantly influences these differences. Future investiga-
tions employing longitudinal designs, larger sample sizes, and multi-
variate modeling should further assess these overlapping variables to
attempt to clarify and model the specific impact of each factor.
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4.1. Limitations and future directions

Several limitations regarding the current study should be con-
sidered. First, the current study utilized a driving simulator in order to
assess driving performance and may not be completely generalizable to
actual driving performance. While real-world driving track paradigms
may have better ecological validity than driving simulator paradigms,
they also involve increased risk to both the participants and the re-
searchers. Additionally, due to the cross-sectional design of the current
study, it is not possible to determine whether driving simulator im-
pairment or increased impulsivity precede or are a consequence of early
cannabis exposure; longitudinal studies assessing these factors before
initiation of cannabis use are necessary to address this question. In
order to more fully investigate the specific impact of age of cannabis
onset and impulsivity on driving, multivariate modeling and mediation
analyses should be utilized; these statistical analyses require larger
sample sizes than provided by the current study.

In the current study, all cannabis users were chronic, heavy, re-
creational users, with most endorsing daily or near-daily use; accord-
ingly, these results may not be generalizable to individuals who use
cannabis less frequently or importantly, to individuals using cannabis
for medical purposes. Recreational users and medical cannabis (MC)
patients differ in their motives for cannabis use, as recreational users
generally aim to get “high,” while MC patients primarily use cannabis
to achieve symptom alleviation. Accordingly, recreational users and MC
patients are likely to differ on several characteristics of cannabis use
including, but not limited to goal of use, product selection, overall
exposure to specific cannabinoids, and age of onset of use. In fact,
preliminary data from an ongoing, observational, longitudinal study of
MC patients revealed improvement in some aspects of cognitive per-
formance and brain function after initiation of MC treatment (Gruber
et al., 2016, 2018). These findings are in stark contrast to the cognitive
decrements and brain alterations often observed in recreational can-
nabis users and suggest that cannabis use is likely to confer distinct
effects in MC patients relative to recreational users. Thus far, driving
performance has not been assessed in MC patients; future studies are
needed to address this gap in the scientific literature.

Additionally, to our knowledge, no other studies have examined the
impact of chronic, heavy use of any other substances on driving per-
formance in the absence of acute intoxication. Given that approxi-
mately 16.6 million Americans aged 12 or older reported heavy alcohol
use in the past month (Substance Abuse and Mental Health Services
Administration SAMHSA, 2019), it is of particular interest to assess
whether chronic, heavy alcohol use results in similar driving impair-
ment observed in the current study. Further, many of our study parti-
cipants reported onset of cannabis use before age 16 (when most
American teenagers learn to drive); therefore, it would be interesting to
explore the potential impact of state-dependent learning effects on
driving. Given that learning to drive is a highly supervised activity
legally required to be overseen by an adult (typically a teacher or
parent), it is unlikely that participants were acutely intoxicated for the
duration of their training. However, future studies should directly as-
sess this research question by collecting specific information related to
cannabis use during driver education programs and training as well as
potential factors that may influence this outcome.

5. Conclusions

The current study demonstrates residual driving impairment in non-
intoxicated cannabis users, which appears specific to those with early
onset cannabis use. Previous studies of acutely intoxicated individuals
and DUIC have observed a slower style of impaired driving behavior;
conversely, the current study suggests that earlier onset users demon-
strate an impulsive style of impaired driving, which may be related to
characteristics inherent in individuals who engage in substance use at
earlier ages such as increased impulsivity. Given increased legalization
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of cannabis, growing numbers of cannabis consumers, and increased
prevalence of drivers testing positive for cannabis metabolites, results
from the current study underscore concerns about the impact of can-
nabis use on driving as a potential public safety issue.
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