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Abstract
The role of 9 -tetrahydrocannabinol (THC) in driver impairment and motor vehicle crashes has traditionally been established in experimental
and epidemiological studies. Experimental studies have repeatedly shown that THC impairs cognition, psychomotor function and actual driving
performance in a dose related manner. The degree of performance impairment observed in experimental studies after doses up to 300 g/kg
THC were equivalent to the impairing effect of an alcohol dose producing a blood alcohol concentration (BAC) ≥0.05 g/dl, the legal limit for
driving under the influence in most European countries. Higher doses of THC, i.e. >300 g/kg THC have not been systematically studied but
can be predicted to produce even larger impairment. Detrimental effects of THC were more prominent in certain driving tasks than others.
Highly automated behaviors, such as road tracking control, were more affected by THC as compared to more complex driving tasks requiring
conscious control. Epidemiological findings on the role of THC in vehicle crashes have sometimes contrasted findings from experimental
research. Case-control studies generally confirmed experimental data, but culpability surveys showed little evidence that crashed drivers who
only used cannabis are more likely to cause accidents than drug free drivers. However, most culpability surveys have established cannabis
use among crashed drivers by determining the presence of an inactive metabolite of THC in blood or urine that can be detected for days after
smoking and can only be taken as evidence for past use of cannabis. Surveys that established recent use of cannabis by directly measuring
THC in blood showed that THC positives, particularly at higher doses, are about three to seven times more likely to be responsible for their
crash as compared to drivers that had not used drugs or alcohol. Together these epidemiological data suggests that recent use of cannabis may
increase crash risk, whereas past use of cannabis does not. Experimental and epidemiological research provided similar findings concerning
the combined use of THC and alcohol in traffic. Combined use of THC and alcohol produced severe impairment of cognitive, psychomotor,
and actual driving performance in experimental studies and sharply increased the crash risk in epidemiological analyses.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction
The effects of 9 -tetrahydrocannabinol (THC) on the
ability of drivers to operate safely have traditionally been
determined in epidemiological surveys of THC users’ involvement in traffic accidents and in experimental studies
to measure the drug’s influence on skills related to driving (reviews: Robbe, 1994; Berghaus et al., 1998a,b; Bates
and Blakely, 1999; Solowij, 1998; EMCDDA, 1999; O’Kane
et al., 2002). The purpose of epidemiological studies is to
∗ Corresponding author. Tel.: +31-43-38-81-951;
fax: +31-43-38-84-125.
E-mail address: j.ramaekers@psychology.unimaas.nl (J.G. Ramaekers).

determine both the severity of THC impairment and the
prevalence of THC use among the driving population by
measuring the frequency of cannabis use among drivers who
do and do not become involved in crashes. Essentially they
aim to determine if cannabis use is over represented among
drivers who were involved in accidents. Experimental studies are designed to predict the effects of cannabis on driving
ability by measuring their users’ performances in laboratory
tests of isolated psychological functions, driving simulators
and on-the-road driving tests. In the context of well-designed
experiments, drugs that produce large performance impairments in many different tests can be considered potentially
hazardous to drivers whereas drugs that fail to produce any
impairment can be considered safe. Experimental studies
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often provide the earliest evidence for a drug’s hazard potential for driving.
Many excellent studies on the effects of cannabis on driving are available only as technical reports, proceedings or
book chapters. That is unfortunate since reviews in general
should not cover data that are not published in peer-reviewed
sources. Yet, applying this rule invariably would seriously
weaken any review in this field. We therefore decided to
also include sources that did not appear in peer-reviewed
formats, i.e. about 50% of the references, in order to fully
summarize and integrate what is known about the effect of
cannabis on performance and driving ability. In particular a
summary of the literature relevant to the following research
questions will be given:
• Does cannabis impair psychomotor, cognitive, and actual
driving performance and increase the risk of becoming
involved in traffic accidents?
• Is there a relation between performance impairment and
cannabis dose or its concentration in plasma?
• Do combined effects of cannabis and alcohol on driving
performance differ from those of either drug alone?
• Does cannabis affect all aspects of the driving task alike?

2. Epidemiological studies
2.1. Prevalence of THC in crash involved drivers
Surveys conducted in widely separated localities have
generally revealed the presence of THC in between 4 and
14% of drivers who sustained injury or death in traffic accidents (Cimbura et al., 1982; Terhune and Fell, 1982; Terhune
et al., 1992; Chesher and Starmer, 1983; Mason and McBay,
1984; Donelson et al., 1985; Garriott et al., 1986; Daldrup
et al., 1987; McLean et al., 1987; Cimbura et al., 1990;
Soderstrom et al., 1995; Mercer and Jeffery, 1995; Logan
and Schwilke, 1996; Drummer et al., 2003a). Occasionally
higher values have been reported for groups of, predominantly, young males operating in one or another large American city (Williams et al., 1985; Soderstrom et al., 1988;
Budd et al., 1989). These data however cannot be accepted as
evidence showing that THC was responsible for the crashes,
even though the prevalence of THC in the general driving
populations is assumed to be lower. The reason is that alcohol was also found in 50–80% of the same drivers. It is
highly likely that combination of THC and alcohol poses
a bigger risk potential than those of either drug alone. Another limitation of these surveys is their lack of an appropriate control group. Prevalence studies indicate the extent
to which substances such as THC and alcohol are present
in the blood of (fatally) injured drivers. In the absence of
comparable data from an appropriate control group selected
from the general driving population, results of prevalence
studies can never be taken to indicate the role of THC or
other drugs in causing traffic crashes.

2.2. Culpability studies
Epidemiologists have tried to overcome the lack of normative data from the general driving population by analyzing
the culpability index of drivers involved in traffic accidents.
Basically, they distinguished between drivers that were responsible for their crash and those who were not. The former
are taken as the cases and the latter as controls, for determining the odds ratio for responsibility for traffic accidents under
the influence of cannabis. Classification of culpability should
of course take place without knowledge of the drugs/alcohol
status of drivers in order not to bias the classification process.
There have been several culpability studies that investigated the association between cannabis, alcohol, and traffic
crashes. A summary of these studies and their measure of
association is summarized in Table 1. Odd ratios (ORs) and
95% CIs presented in Table 1 are taken from the original
study reports or adapted from Bates and Blakely’s (1999)
re-analyses of these data. It is important to note that in this
type of analysis the crash culpability rates among drivers
positive for THC are compared to crash culpability rates in
drug (including alcohol) free drivers. The odds ratio of drug
free drivers to become involved in a traffic crash is set to
1.0, and serves as the point of reference in order to determine the statistical significance of changes in odds ratios
for drivers under the influence. If this reference value of
1.0 falls outside the 95% CI associated with odds ratios for
a certain drug, we can safely conclude with 95% certainty
that this drug significantly affected crash culpability. However, if the 95% CI includes the reference mean, the conclusion must be drawn that crash culpability rates of drugged
drivers are comparable to crash culpability rates in drug free
drivers.
All culpability studies have shown that alcohol and the
combination of alcohol with cannabis significantly and
strongly elevated crash culpability rates. In most studies
the combined effects of cannabis and alcohol on crash
culpability appeared additive, although a weak suggestion
of a synergistic effect was also apparent in some. Yet,
most culpability studies (Terhune and Fell, 1982; Terhune
et al., 1992; Williams et al., 1985; Drummer, 1994; Hunter
et al., 1998; Lowenstein and Koziol-Mclain, 2001) also
seem to indicate that cannabis alone does not increase
crash culpability. However, these culpability studies have
identified cannabis use among drivers by solely measuring THC–COOH, an inactive carboxy metabolite of THC
(Williams et al., 1985; Drummer, 1994; Hunter et al., 1998;
Lowenstein and Koziol-Mclain, 2001), or by measuring
either THC or THC–COOH (Terhune and Fell, 1982;
Terhune et al., 1992) in blood or in urine. Following the
use of cannabis, THC–COOH may be present in blood or
urine for days. The presence of THC–COOH thus does not
necessarily imply recent use of cannabis or impairment.
Recent exposure to cannabis can only be safely assumed in
the minority of culpability studies that determined cannabis
use by the presence of THC in the blood.
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Table 1
Summary of OR of becoming involved in fatal or injurious traffic accidents under the influence of cannabis, alcohol or their combination as reported in
culpability studies
Substance

Authors

Odds ratio

Drug free cases

95% CI

1.0

Alcohol

Terhune and Fell (1982);
Williams et al. (1985);
Terhune et al. (1992);
Drummer (1994);
Hunter et al. (1998);
Lowenstein and Koziol-Mclain (2001);
Drummer et al. (2003b)

5.4*
5.0*
5.7*
5.5*
6.8*
3.2*
6.0*

2.8–10.5
2.1–12.2
5.1–10.7
3.2–9.6
4.3–11.1
1.1–9.4
4.0–9.1

THC–COOH

Terhune and Fell (1982);
Williams et al. (1985);
Terhune et al. (1992);
Drummer (1994);
Hunter et al. (1998);
Lowenstein and Koziol-Mclain (2001)

2.1
0.2
0.7
0.7
0.9
1.1

0.7–6.6
0.2–1.5
0.2–0.8
0.4–1.5
0.6–1.4
0.5–2.4

Hunter et al. (1998)

0.35
0.51
1.74
2.7*
6.6*

0.02–2.1
0.2–1.4
0.6–5.7
1.02–7.0
1.5–28.0

8.6*
8.4*
5.3*
11.5*
3.5*

3.1–26.9
2.1–72.1
1.9–20.3
4.6–36.7
1.2–11.4

THC (range: ng/ml)
<1.0
1.10–2.0
>2
1–100
5–100
Alcohol/THC or THC-COOH

Drummer et al. (2003a,b)
Williams et al. (1985);
Terhune et al. (1992);
Drummer (1994);
Hunter et al. (1998);
Lowenstein and Koziol-Mclain (2001)

Significance of changes in OR is indicated as follows: *<0.05.

Only two culpability studies (Hunter et al., 1998;
Drummer et al., 2003a,b) determined recent cannabis use
by assessing THC in blood. While using identical methods for establishing culpability of the driver these studies
generally showed that crash culpability for THC positive
cases increased with rising concentrations of THC in blood
(see Table 1). The study by Hunter et al. (also published
in Longo et al., 2000) in 2500 injured drivers failed to establish a relation between relatively low concentrations of
THC and driver culpability but did find that culpable drivers
had a higher mean THC concentration, a difference that
approached statistical significance (P = 0.057). Drummer
et al. (2003b) also reported that increments in crash responsibility rates were most prominent at high concentrations
of THC. They conducted a responsibility analysis in 3398
Australian fatally injured drivers recorded in their database
between 1990 and 1999. THC was present in 58 cases in
which no other psychoactive drug or alcohol was found.
The median THC concentration was 10 ng/ml with a range
from 1 to 100 ng/ml. THC positive cases showed an OR
of 2.7 compared to drug free drivers, while taking into
account interactions for age, gender, crash type, jurisdiction, and year of collection. The range of the confidence
interval strongly suggested significance of the OR value
as it did not include the reference value 1.0. Analyses on
a subset of cases with THC concentrations of 5 ng/ml or

higher revealed a culpability ratio of 6.6 in THC driver
fatalities as compared to drug free cases. Since alcohol
was a common factor found in cannabis positive cases,
the effect of THC and alcohol combined was also evaluated relative to drivers who were only positive to alcohol
(i.e. BAC > 0.05 g/dl). This analysis revealed a significant increment of crash risk (OR 2.9; 95% CI: 1.1–7.7)
suggesting that THC does enhance alcohol-induced impairment, and that this impairment is at least additive to
alcohol.
2.3. Case-control studies
Several epidemiological studies have attempted to include
a representative control group to calculate risk ratio’s for
traffic related hospitalization after THC use. Hingson et al.
(1982) conducted a anonymous random telephone survey of
nearly 6000 16–19 years olds which indicated that frequency
of driving after cannabis use was associated with greater
accident involvement in the year prior to the interview.
Compared to subjects who did not drive after cannabis use,
subjects who drove after smoking marihuana on at least six
occasions per month were 2.4 (95% CI: 1.4–14) times more
likely to be involved in traffic accidents. Those who drove
after marihuana use on at least 15 occasions per month were
2.9 (95% CI: 1.3–6.8) times more likely to have an accident.
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Mura et al. (2003) conducted a case-control study to
compare the prevalence of THC among injured drivers and
control subjects that were recruited from emergency departments in six French hospitals. Total study population comprised of 900 drivers involved in a non-fatal accident and 900
control drivers who attended the same emergency units for
non-traumatic reasons. Drivers and controls were matched
for sex and age. THC (>1 ng/ml, no other drugs or alcohol
present) was detected in 10% of the injured drivers and in
5% of the controls when averaged over all age groups. In
cases and controls who were younger than 27 years, THC
was detected in 15.3% of the cases and 6.7% of the controls, giving rise to an odds ratio of 2.5 and a 95% CI ranging from 1.5 to 4.2. In cases were both THC and alcohol
(BAC > 0.05 g/dl) were present the OR increased to 4.6
(95% CI: 2.0–10.7).
Gerberich Goodwin et al. (2003) conducted a retrospective study in a large prepaid Northern Californian health care
program cohort (N = 64, 657) to compare the incidence
of traffic injury related hospitalization among THC users
and non-drug users. All cohort members completed baseline
questionnaires about health behaviors, including cannabis
use between 1979 and 1985. Traffic injury related hospitalizations were identified from the date of baseline through
December 1991. An increased risk ratio (OR = 2.3, 95%
CI: 1.44–2.72) for motor vehicle injuries was demonstrated
in male cannabis users relative to non-users.
Data from these studies clearly suggests that cannabis increases a driver’s risk to become involved in a road crash.
Yet, it has been argued that such associations may be confounded by life style factors typical for cannabis users.
Fergusson and Horwood (2001) for example established a
statistically significant relation between self-reported frequency of cannabis use and self-reported accidents rate (OR
1.6, 95% CI: 1.2–2.0) in a birth cohort of 907 young New
Zealanders (aged 18–21). Adjusting for risky driver behaviors and unsafe driver attitudes characteristic for cannabis
users however eliminated the association between cannabis
use and crash risk. The latter analysis suggests that traffic
accident risk among cannabis users is related to their life
style rather than to cannabis use per se. However, these results may also be taken to support an alternative explanation: i.e. cannabis stimulates risky driving behaviors and/or
attitudes that are linked to accident risk.
Two studies (Dussault et al., 2002; Movig et al., 2003)
have employed a prospective case-control study design that
has historically been the design of choice for epidemiological studies of the role of alcohol in motor vehicle crashes
(Borkenstein et al., 1974). Crash risk was evaluated by calculating the odds of an individual in a crash sample testing
positive for cannabis to the odds of an individual testing positive for cannabis in the exposure sample, that is, in a roadside survey sample of non-crash-involved drivers using the
same roads in the same time frame. In the study by Movig
et al. (2003), cases (N = 110) were car drivers involved in
road crashes in the Tilburg area of The Netherlands, whereas

controls (N = 816) were recruited at random from the general driving population on public roads in the same Tilburg
region between May 2000 and August 2001. Controls were
tested for the presence of cannabis by means of urine sample screening. If no urine sample could be collected a blood
sample was requested. In total, 79.3% of the control group
was willing to participate in the study. Cases were tested for
cannabis use by means of blood or urine samples taken directly in the emergency room. Among cases, 13 (12%) tested
positive for cannabis as compared to 49 (6%) among controls. A non-significant increase in risk ratio was reported
for cannabis (OR = 1.22, 95% CI: 0.55–2.73) indicating
no association between exposure to cannabis and road accidents. A possible explanation for the latter finding may be
the lack of statistical power given the relatively low number
of (cannabis) cases and controls that were included in this
survey. The power available for comparison of proportions
depends on the prevalence rates of drugs in the samples under study. If the prevalence rates are low as with most drugs
the sample under study should be relative high. It was one
of the major arguments for the authors’ decision in 2001 to
continue their case-control study for another 3-year-period
in order to multiply the number of cases and controls by
about a factor 4. Results of the complete study should become available in 2005.
Dussault et al. (2002) presented preliminary results of a
large case-control study comparing the presence of cannabis
in crash involved drivers (N = 354) to presence of cannabis
in drivers participating in a roadside survey (N = 11574)
between 1999 and 2001 in Quebec, Canada. The survey
sample was distributed proportionally to the number of
crashes per time of day (eight 3-h periods) and day of the
week (7 days). Cannabis was detected in urine of 19% of all
cases whereas the same drug was detected in urine or saliva
of 6.2% of the controls. Actual participation rate among
controls as defined by how many controls were willing to
provide a saliva or urine sample was 84.6%. Case-control
analysis suggested that cannabis is associated with twice the
risk of being fatally injured in traffic (OR 2.2; CI: 1.5–3.4).
Sharp elevations in crash risk were found for combined use
of cannabis with alcohol (BAC > 0.08 g/dl; OR 80.5; 95%
CI 28.2–230.2), cocaine (OR 8.0; 95% CI: 3.1–20.7), and
benzodiazepines (OR 21.3; 95% CI: 5.3–86.0). Remarkably,
a culpability analysis of all cases did not reveal a significant
rise in crash risk in cannabis users, indicating that this type
of analyses may be less conclusive.

3. Experimental studies of cannabis and performance
Determination of the effect of THC on performance has
mostly been based on information provided by the field of
psychopharmacology. Psychopharmacologists have devised
a large number of “psychomotor” tests, characterized by
contingent motor responding to an imposed discrete or continuous signal (e.g. reaction time, attention, tracking, and
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critical flicker/fusion frequency tests), and “cognitive” tests
for measuring various mnemonic functions but also deductive reasoning. Finally, tests were developed to measure
some aspects of “real life” performance such as driving in a
simulator, through staged maneuvers on a course closed to
other traffic or on public roads in actual traffic. Experimental studies have followed both parallel group and crossover
designs, most with both placebo- and alcohol controls. The
great advantage of experimental studies that have been
conducted is their ability to determine the intrinsic pharmacological effects of THC on performance without the confounding factors that always obscure or exaggerate the effect
in the natural environment. However, until now the experimental approach has been mostly limited to studies assessing
the acute effects of THC on performance, i.e. the effects of
THC on performance after a single dose. Experimental data
on performance effects after repeated doses of THC is generally lacking. As a consequence, it is currently not known
whether THC users adapt to acute effects of this drug as a
result of tolerance. Neither have the effects of THC been systematically studied in novel users versus experienced users
to establish differences in sensitivity between subgroups of
users. These issues will certainly gain importance with the
possible introduction of cannabis as a medicinal drug for
the (sub)chronic treatment of pain or inflammation. It is for
this reason that the Institute of Medicine, Washington DC,
advises to assess the cognitive and psychomotor functioning
before and regularly during the course of a chronic regimen of cannabis treatment to determine the extent to which
tolerance to the impairing effects of cannabis develops and
whether new problems develop (Watson et al., 2000).
3.1. Psychomotor performance and cognition
Numerous experimental studies have been conducted
to investigate the effects of THC on isolated cognitive
functions and psychomotor skills related to driving performance. These have generally shown that THC in doses
between 40 and 300 g/kg causes a dose dependant reduction in performance at laboratory tasks measuring memory
function, divided and sustained attention, reaction time,
tracking or motor control (reviews: Moskowitz, 1985;
Chesher, 1986; Chait and Pierri, 1992; Robbe, 1994;
Berghaus et al., 1998a; Solowij, 1998; EMCDDA, 1999).
One of the most consistently reported behavioral effects of
THC is a disruption in the free recall of previously learned
information. Recall of items learned before cannabis use is
generally not affected, suggesting that THC impairs learning and the acquisition of information but not its retrieval
from memory. Short-term or working memory is generally
impaired in complex tasks, but at high doses also in simple
tasks.
The magnitude of the THC effects on performance furthermore varied with the application form, i.e. smoking
or oral intake, and time post THC use. Berghaus et al.
(1998a,b) conducted a meta-analysis in 87 studies on the
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effects of THC on psychomotor function, including tracking,
reaction time performance, perception, eye-hand coordination, body sway, signal detection, divided or sustained
attention tasks. Their analysis demonstrated that the percentage of psychomotor tasks showing significant performance
impairment after THC was highest during the first hour
after smoking or between 1 and 2 h after oral intake. Peak
impairment after THC was comparable to alcohol induced
performance impairment seen at blood alcohol concentrations >0.05 g/dl. The number of significant performance
effects sharply declined to about zero over 3–4 h after
THC use. Only higher doses of THC produced prolonged
performance impairment. The authors also established a
concentration–effect curve, which indicated that, at least
for low concentrations, plasma concentrations of THC are
approximately linearly related to the magnitude of performance impairment. This relation was almost identical in
experiments with smoking compared to experiments with
oral intake of cannabis. In general, performance declined
in about 35% of all tests applied at plasma concentrations
of about 5 ng/ml THC, when compared to placebo. Impairment increased with higher plasma levels of THC. Maximal performance decrement, i.e. impairment in 70–80%
of all psychomotor tests, was seen at concentrations between 14 and 60 ng/ml THC. The THC concentration effect
curve was based on all experimental tests included in the
meta-analysis. The majority of these experimental tests
were conducted between 15 min and 4 h after drug intake.
THC concentrations were estimated from dose and time
of testing by means of pharmacokinetic modeling (Sticht
and Käferstein, 1998). A summary of the major findings
from Berghaus et al.’s meta-analysis is given in Table 2 and
Fig. 1.
3.2. Driving simulators and on-the-road driving tests
A potential disadvantage of experimental laboratory studies is that it is often unknown whether tests of skills related
to driving serve as a good model for the driving task as a
whole. Many tests are short and relatively simple and do not
necessarily reflect performance in the real world. Driving
is probably one of the most complex psychomotor tasks. It
is difficult to conceive, much less simulate, every situation
that confronts drivers. Tests for measuring effects of drugs
in driving simulators, over closed-course driving terrain or
on real roads in normal traffic are most likely to approach
reality. Yet, also these tests can often measure only parts of
the total driving behavior. However, it is generally accepted
that the closer a test approaches reality, the better the chance
of measuring effects that cause crashes.
Studies in interactive driving simulators (Smiley et al.,
1981; Stein et al., 1983; Smiley, 1986; Sexton et al., 2000)
showed that THC doses up to 200 g/kg increased lateral position variability, headway variability, and caused subjects to
ignore navigational information. The highest dose increased
speed variability and caused the subjects to hit roadway
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Table 2
Frequency of performance impairments (%) observed in the total number of psychomotor tests applied in 87 experimental studies as a function of dose,
time after dosing and route of administration of THC
THC-dose
(mg)

Time after smoking (h)
<1
Impaired (%)

1–2
# Tests

Route of THC administration: smoking
<9
61
271
9–18
53
193
≥18
64
64

Impaired (%)

2–3
# Tests

36
38
36

33
48
28

528

37

109

Route of THC administration: oral
<9
(33)
3
9–18
(0)
3
≥18
(0)
3

14
39
60

49
41
45

37

135

Overall

Overall

58

(11)

9

3–4

4–5

Impaired (%)

# Tests

Impaired (%)

# Tests

Impaired (%)

# Tests

(30)
(38)
(40)

10
8
10

(0)
(0)
(53)

10
6
15

(0)
(0)
(67)

11
2
3

36

28

26

31

(13)

16

27
42
(40)

37
45
15

(8)
(18)
(33)

13
17
15

–
–
(45)

–
–
11

36

97

20

45

(45)

11

Performance decrements associated with less than 20 psychomotor assessments are put in brackets because of their limited predictive validity (adapted
from: Berghaus et al., 1998a (2)).

obstacles more often and to react more slowly to subsidiary
task demands. Yet, THC also caused subjects to drive in a
more conservative manner. They maintained a longer headway, refused more opportunities to pass, and when they did,
began this maneuver at greater distance from the approaching vehicle. However, this compensatory behavior was never
sufficient to fully overcome the overall impairing effect of
cannabis. Studies designed to test the effects of THC on vehicle handling performance during staged maneuvers on terrain closed to traffic generally failed to show any dramatic
changes in performance (Attwood et al., 1981; Casswell,
1979; Peck et al., 1986). However, THC doses and number of subjects in these studies were generally too low to
achieve sufficient statistical power to detect any drug effect
on performance.

Klonoff (1974) was the first to conduct a driving test
in actual traffic. A total of 38 subjects were divided over
separate groups to receive placebo, THC 4.9 or 8.4 mg. After smoking subjects drove for 45 min on city streets of Vancouver while aspects of their performance were rated by a
professional examiner from the State Department of Motor
Vehicles. No evidence was given of the reliability of these
subjective judgments, and this may have been the source of
the large variability found in performance after cannabis.
Out of 11 scales of subjective judgments that were used in
this study only three seemed to be significantly affected following the highest dose: concentration, care while driving
and judgment.
The most comprehensive series of driving tests in actual traffic were conducted by a group of researchers at

Fig. 1. Frequency of performance decrements (%) observed in the total number of psychomotor tests applied in 87 experimental studies as a function of
THC concentration in plasma after eating (---) and smoking (—) cannabis (adapted from Berghaus et al., 1998a (2)).
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Fig. 2. Mean SDLP (+SE) in the Road Tracking Test after incremental doses of THC alone and after THC combined with alcohol as measured in
studies by Robbe (1) and Ramaekers et al. (31), respectively. Alcohol concentrations reflect the subjects’ mean BACs while conducting the driving
test. Significance of changes in SDLP is indicated as follows: *P < 0.05; **P < 0.01. Mean (range) plasma THC concentrations after 100, 200, and
300 g/kg were 7.9 (0.8–17.2), 12.0 (1.5–27.1), and 16.1 (4.7–30.9) ng/ml (1).

Maastricht University, The Netherlands. Robbe (1994, 1998)
investigated the effects of THC 0, 100, 200, and 300 g/kg
on performance in a 1 h Road Tracking Test and a 30 min
Car-Following Test conducted on a primary highway, as well
as the effects of alcohol and THC 100 g/kg on performance
in a City Driving Test. The combined effects of THC and
alcohol on performance in the same tests were further investigated in subsequent studies (Robbe, 1998; Ramaekers
et al., 2000; Lamers and Ramaekers, 2001). All subjects
were recreational users of cannabis. THC produced a dose
related increment in the standard deviation of lateral position (SDLP), a measure of lateral position variability or
“weaving”, during the Road Tracking Test. Reaction time to
speed accelerations/decelerations of a leading vehicle and
general driving proficiency were not affected by THC in the
Car-Following Test and the City Driving Test, respectively.
The effects of THC on lateral position variability were moderate and comparable to that of an alcohol dose producing a
BAC of about 0.05 g/dl, the legal limit for driving under the
influence in most European countries. However, its combination with a low dose of alcohol (i.e. BAC < 0.05 g/dl)
produced severe performance impairment in the Road Tracking Test, and to lesser extents also in the Car-Following and
City Driving Test. There was no significant interaction between alcohol and THC, indicating that the effects were additive. When compared to a previously established alcohol
calibration curve (Louwerens et al., 1987), the combination
of THC 100 and 200 g/kg with alcohol produced a rise in
mean SDLP the equivalent of that associated with BACs of
0.09 and 0.14 g/dl, respectively. A summary of the effects
of THC and alcohol on lateral position variability is given
in Fig. 2. Values on the Y-axis indicate change scores from
placebo.

4. Discussion
The epidemiological literature has provided conflicting
information on the role of THC in performance impairment
and motor vehicle crashes. Among epidemiological studies,
case-control studies are limited in number but generally provide evidence supporting an association between cannabis
and increased crash risk. The majority of epidemiological
studies are culpability studies and several of these show
little evidence that drivers who only used cannabis are more
likely to cause accidents than drug free drivers. In contrast,
experimental studies have convincingly and repeatedly
demonstrated that THC in doses up to 300 g/kg causes
impairment of various cognitive and psychomotor functions and of driving performance as measured in driving
simulators or on-the-road tests. The magnitude of these performance impairments were comparable to alcohol induced
performance impairment seen at BACs ≥ 0.05 g/dl, and
should be considered as practically relevant. The reason for
the apparent discrepancy between experimental and culpability studies is largely unknown but may be related to inadequate attribution of cannabis use to crashed drivers. These
frequently relied on the detection of an inactive metabolite
of THC in urine of drivers to establish the use of cannabis.
However, this metabolite, THC–COOH, can be assessed in
body fluids for hours and days and is not a reliable indication
of recent cannabis use or impairment. Recent exposure to
cannabis can only be safely assumed in the minority of culpability studies that determined cannabis use by the presence
of THC in the blood. This latter procedure was only followed
in two surveys. Culpability odds ratios in THC positives
were generally higher than those in THC–COOH positives.
Moreover, culpability odds ratios in THC positives were
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three to six times as high as compared to drug free drivers,
depending on the concentration of the drug detected in blood.
Together, these data indicate that recent cannabis use may
increase crash risk, whereas, past use of cannabis as determined by the presence of THC–COOH in drivers does not.
There are more general limitations to culpability studies that should be considered as well. The analysis assumes
that drug free drivers involved in crashes are representative
for the driving population at large. If so, culpability odds
ratios may well establish reliable estimates of odds ratios
that would be obtained in case-control studies using non
crash drivers from the general driving population as control. However, this may not always be the case. Bates and
Blakely (1999) pointed out that outcome misclassification
may introduce bias. Determination of culpability status is
not exact and there may be a tendency to misclassify drivers
who are in fact responsible for the accident as not, or vice
versa. However, it is noteworthy that studies that established
cannabis use by measuring THC in blood (Hunter et al.,
1998; Drummer et al., 2003b) all used an identical method
for establishing driver culpability. The fact that one of these
surveys reported increased culpability rates in injured drivers
therefore most likely reflects the large THC concentrations
found in these particular crash victims and not a structural
difference in outcome classification between studies.
Bias may also occur if the control group of drug free
cases is not controlled for confounding factors. Confounding could occur if there are lifestyle factors associated with
cannabis use that are also independent risk factors for traffic crashes such as age, sex, time of accident or the use of
alcohol. Confounding by alcohol is always avoided in culpability studies by excluding cases with alcohol present in
their blood from statistical analyses of risk associated with
cannabis. However, the potential role of other confounders
is generally not taken in consideration. The possibility therefore exists that culpability studies identify an elevated risk
of dying in road accidents if one is young, male and driving
on weekends, instead of an elevated crash risk after recent
use of THC as suggested. However this is not likely to be
the case in the only culpability study so far that showed elevated crash risk in THC positive drivers. Drummer et al.
(2003b) adjusted for potential confounders such as age, sex,
crash type, jurisdiction and year of collection in their analysis, which provided extra support to their notion that the
rise in culpability ratio was caused by cannabis and not by
some other factor.
Recent epidemiological studies of the relation between
cannabis and motor vehicle crashes have also involved
a number of case control designs. The majority of these
studies have suggested that cannabis is associated with
twice the risk to become involved in traffic accidents. Two
case-control studies seem of particular interest because they
have used the classic study procedures that have previously been validated for alcohol in the Grand Rapids study
(Borkenstein et al., 1974). Basically these studies have compared the prevalence of cannabis use among crashed drivers

to the prevalence of cannabis among the drivers who were
passing the same roads in same time period. This approach
is generally accepted as a very reliable and solid method for
establishing drug related crash risk. Epidemiologists have
however long refrained from conducting such studies in
cannabis research because of the participation problem. That
is, identification of cannabis would require a blood sample
from control drivers on a voluntary basis. Because cannabis
is an illegal drug it is likely that drug users would be less
willing to participate in the study than non-drug users. This
would potentially bias study results and inflate odds ratios.
Possible alternatives to blood sampling would be to collect non-invasive matrices such urine and saliva as applied
in the studies by Dussault et al. (2002) and Movig et al.
(2003). In both studies the response rates among controls
were reasonably high, i.e. around 80–85%, which indicates
that most controls are willing to cooperate in roadside drugs
testing. Though not optimal, these numbers should increase
confidence in the feasibility of case control designs for
establishing the relation between cannabis and crash risk.
Experimental and epidemiological research converges on
the fact that the association between THC and driver impairment is dose related. Odds ratios for accident culpability
were shown to increase with increasing concentrations of
THC in the blood of (fatally) injured drivers. Likewise, performance impairments in psychomotor or cognitive tests and
lateral position variability in experimental driving tests were
shown to gradually increase with increasing doses of THC.
This may prove relevant since it has been argued that most
THC doses employed in experimental research have been
less than those used for recreational purposes in real-life.
In a dose finding study by Robbe (1994) 23 subjects who
were all recreational users of THC indicated that they had
achieved their desired psychological effect after smoking
a mean dose of 300 g/kg THC.1 The range of this preferred dose varied between 194 and 524 g/kg THC indicating considerable inter-individual variation. It is thus likely
that drivers in the general population will at times use doses
that are higher than the ones used in experimental studies
or associated with average concentrations detected in epidemiological surveys. It can be predicted from the currently
available experimental data that the use of higher doses (i.e.
>300 g/kg THC ) will be associated with severe driving
impairment, equivalent to BACs > 0.08 g/dl.
The clear dose/concentration-effect relation between
cannabis and driver impairment or crash risk raises the
question whether a ‘per se’ limit could be identified above
which drivers are always at risk. Meta-analyses of experimental performance data provide some good indication
that maximal performance impairment will be achieved
at THC concentrations >14 ng/ml in plasma (or >7 ng/ml
when measured in whole blood). However, it has not been

1 For comparison: identical to smoking a marijuana cigarette of 767 mg
containing 2.6% or about 20 mg THC by a person of average weight.
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established yet whether performance impairment observed
at such a concentration also coincides with an elevated crash
risk. The elevated culpability ratio’s observed in Drummer
et al.’s (2003a,b) analyses applied to a large group of THC
positives with widely varying plasma concentrations, i.e.
between 1 and 100 ng/ml THC in blood. It is impossible to
tell which part of the distribution was actually responsible
for the elevated OR observed in this sample. The elevated
mean OR pertains to the whole distribution range and may
be much less in cases with low THC concentrations and
much higher in cases at the opposite end of the distribution.
What is needed is a detailed analysis of the crash risk for
THC positives as a function of THC concentration. Hunter
et al. (1998) provided a first indication of a dose related effect of cannabis on culpability ratio but primarily for THC
concentration ranges below 2 ng/ml. Their approach should
now also be extended to cases with higher THC concentrations in order to confirm and support current notions on per
se limits from experimental performance data.
It is also absolutely clear from epidemiological and experimental studies that the combination of alcohol and THC
plays a major role in performance impairment and motor vehicle crashes. The epidemiological evidence shows that the
combination of alcohol and THC is over-represented in injured and dead drivers, and particular in those responsible
for the accident to occur. Experimental studies have shown
that alcohol and THC combined can produce severe performance impairment even when given at low doses. The
combined effect of alcohol and cannabis on performance
and crash risk appeared additive in nature, i.e. the effects
of alcohol and cannabis combined were always comparable
to the sum of the effects of alcohol and THC when given
alone.
Experimental studies furthermore indicate that not all
driving tasks are equally sensitive to the detrimental effects
of THC. Performance was always worst in tests measuring
driving skills at the operational level, i.e. tracking and speed
adjustment, as compared to performance in tests measuring
driving performance at the maneuvering level, i.e. distance
keeping and braking, and the strategic level, i.e. observation and understanding of traffic, risk assessment and
planning. Strategic and maneuvering levels are particularly
demanding of resources in that they require effortful processing and attention. Thus, processing is relatively slow
and flexible. In contrast, the operational level is considered
to be an automatic, routine process, which is fast and relatively inflexible. Drivers may be particularly vulnerable to
detrimental effects of THC in traffic situations were they
specifically employ driving skills that are operated at lower
automated levels, such as during highway driving. The implication might be that drivers under the influence of THC
might be more likely to be involved in specific types of
traffic accidents such as single vehicle crashes. Culpability
studies by definition have neglected this possibility, since
drivers involved in this type of accident are practically
always responsible, irrespective of drug use.
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5. Conclusions
• THC has been shown to impair cognition, psychomotor
function, and actual driving performance in a dose related
manner.
• The degrees of impairment observed in laboratory or actual driving tests after doses up to 300 g/kg THC were
comparable to the impairing effects of an alcohol dose
producing a BAC ≥ 0.05g/dl, the legal limit for driving
under the influence in most European countries.
• There is no indication that past use of THC alone affects crash risks, but there is growing evidence that recent
use of THC increases the risk for motor vehicle accidents
compared to drug free drivers, particularly at higher concentrations.
• Detrimental effects of THC appear more prominent in
highly automated driving behavior, as compared to more
complex driving tasks that require conscious control.
• The effects of THC and alcohol on driving performance
and risk of motor vehicle crashes appear to be additive,
but the sum can be large and potentially dangerous. Combined use of THC and alcohol produces severe driving
impairment and sharply increases the risk of drivers’ accident culpability as compared to drug free drivers, even
at low doses.
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