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ABSTRACT

To investigate effects of smoking cannabidiol (CBD)-rich marijuana on driving ability and
determine free CBD and A°-tetrahydrocannabinol (THC) concentrations in capillary blood
samples, a randomised, double-blind, placebo-controlled, two-way crossover pilot study
was conducted with 33 participants. Participants smoked a joint containing 500mg of
tobacco and either 500mg of CBD-rich marijuana (16.6% total CBD; 0.9% total THC) or
500mg of a placebo substance, then performed three different dimensions of the Vienna
Test System TRAFFIC examining reaction time, behaviour under stress, and concentration
performance. For further assessment of participants’ fitness to drive, three tests of balance
and coordination were evaluated and vital signs (blood pressure and pulse) were
measured. Dried blood spot samples of capillary blood were taken after smoking and
after completion of the tests to determine the cannabinoid concentrations (CBD, THC
and THC-metabolites). The results revealed no significant differences between the effects
of smoking CBD-rich marijuana and placebo on reaction time, motor time, behaviour
under stress, or concentration performance. Maximum free CBD and THC concentrations
in capillary blood were detected shortly after smoking, ranging between 2.6-440.0ng/mL
and 6.7-102.0ng/mL, respectively. After 45min, capillary blood concentrations had already
declined and were in the range of 1.9-135.0ng/mL (free CBD) and 0.9-38.0ng/mL
(free THC). Although the observed levels of free THC concentrations have been reported
to cause symptoms of impairment in previous studies in which THC-rich marijuana was
smoked, no signs of impairment were found in the current study. This finding suggests
that higher CBD concentrations cause a negative allosteric effect in the endocannabinoid
system, preventing the formation of such symptoms. Nevertheless, it is recommended
that consumers refrain from driving for several hours after smoking CBD-rich marijuana,
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as legal THC concentration limits may be exceeded.

KEY POINTS

+ No significant impact on driving ability was found after smoking CBD-rich marijuana.
« No effects on vital signs were observed after smoking CBD-rich marijuana.
+ All participants exceeded the Driving Under the Influence of Drugs (DUID) legal limit

for THC in blood after smoking CBD-rich marijuana.

Introduction

Cannabis containing a A°-tetrahydrocannabinol
(THC) level exceeding 1% is listed as a prohibited
narcotic in Switzerland, and, besides alcohol, is the
most frequently abused drug in Switzerland and
worldwide [1]. The results of an addiction monitor-
ing survey [2] in 2016 revealed that one-third of the
Swiss population aged 15years and over had expe-
rience using cannabis as a drug. On the basis of this
finding, it can be estimated that approximately
220 000 people consume cannabis in Switzerland.
THC is well known for its psychotropic properties
as a drug of abuse, but also for its medical appli-
cations. Cannabidiol (CBD) is the second-most

abundant and therapeutically most relevant medi-
cinal component of cannabis [3, 4]. CBD has
received significant interest over the last several
years because of its reported pharmacological effects
in a range of conditions, from inflammatory and
neurodegenerative diseases [5], to epilepsy [6-14],
autoimmune disorders like multiple sclerosis [15-
18], schizophrenia [19-22] and cancer [23, 24].
However, there is currently insufficient toxicological
and clinical data regarding these therapeutic effects
[25, 26]. Moreover, CBD is considered to regulate
and alleviate THC-related adverse effects, including
tachycardia, anxiety, sedation and hunger [27, 28].
CBD is not associated with psychoactivity and does
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not affect motor function, memory, heart rate, blood
pressure or body temperature alone [29]. However,
Zuardi et al. [30] reported that, in mixed use of CBD
and THC, the time between uptake of CBD and THC
and the CBD/THC ratio appear to play important
roles in the interaction between the two cannabi-
noids. Thus, CBD may increase the effects of THC
through pharmacokinetic interaction if it is consumed
before THC. However, a reverse interaction may
occur when both cannabinoids are taken together,
particularly at a high dose ratio of CBD/THC [30].

Since 2017, products containing CBD have been
increasingly available on the Swiss market. Whereas
only five companies were registered with the Federal
Customs Administration at the beginning of 2017,
one and a half years later (July 2018) there were
630 registered companies [31]. Tobacco substitute
products with low THC (<1% total THC) and high
CBD levels have received particular interest. This
type of cannabis does not fall under the Federal Act
on Narcotics and Psychotropic Substances (NarcA,
812.121) and the Ordinance of the Federal
Department of Home Affairs on the lists of narco-
tics, psychotropic substances, precursors and auxiliary
chemicals (NarcO-FDHA, 812.121.11). Although
there are currently no statistics on the consumption
behaviour of adults, a recent study by Delgrande
Jordan et al. [32] reported that almost 10% of boys
and 5% of girls aged 15years had consumed CBD.
Products containing CBD-rich marijuana can be
legally acquired not only in headshops, but also in
supermarkets. However, due to the traces of THC,
the consumption of CBD-rich marijuana can lead
to detectable THC blood concentrations that violate
the Federal Act on Road Traffic (RTA, 741.01) and
the Ordinance on Traffic Regulations (TRO, 741.11).
In addition to other jurisdictions in Europe and
worldwide, Switzerland has adopted a zero tolerance
policy for Driving Under the Influence of Drugs
(DUID). This implies that, if the total THC con-
centration is above a decision limit (defined as
1.5ng/mL in whole blood for analytical reasons) the
driver has committed an offence, whether or not
they are actually impaired. In forensic practice, a
confidence interval of £30% is taken into account
due to measurement uncertainty. This results in an
analytically determined THC concentration limit of
2.2ng/mL (2.2ng/mL minus 30% is 1.54ng/mL,
which is just above the legal decision limit of 1.5ng/mL
for zero tolerance).

The first pilot study on the pharmacokinetics of
CBD was conducted in Switzerland in 2017, in
which a voluntary subject smoked one, two, or up
to four CBD joints within a short time period. The
results showed that THC concentrations in blood of
up to 6.8ng/mL occurred after smoking CBD-rich
marijuana, but, after less than 1h, these

concentrations had already fallen below the cut-off
value of 2.2ng/mL for determining incapacity to
drive [33]. Another published pilot study by Meier
et al. [34] also confirmed that after smoking
CBD-rich marijuana, THC concentrations in the
blood exceeded the Swiss legal limit, approaching
5ng/mL in some cases. No accumulation was
observed when consuming two joints per day on
several consecutive days.

In a recent study by Spindle et al. [35], partici-
pants performed computerised cognitive and psy-
chomotor tasks that can be generalised to operating
a motor vehicle, after consuming oral and vaporised
CBD-rich marijuana. Furthermore, several studies
have examined driving ability after consumption of
THC-rich marijuana. These previous studies can be
divided into three types: those evaluating the effects
at the psychomotor and/or neurocognitive levels
under laboratory conditions [36-38], those examin-
ing simulated driving performance [39] and those
investigating the direct effects on driving ability in
highway tests [40-42].

Because of the legal availability of CBD-rich mari-
juana and consumer behaviour in Switzerland, we
sought to conduct a pilot study to investigate the
impact of smoking CBD-rich marijuana on a range
of psychomotor and neurocognitive skills associated
with driving ability. The purpose of the current
study was to inform recommendations for warnings
on tobacco substitute products containing CBD-rich
marijuana and to provide information for drivers
regarding the possible risks of consuming CBD-rich
marijuana. To the best of our knowledge, the current
study is one of the first to investigate the potential
impact of smoking CBD-rich marijuana for
road safety.

Experimental procedures
Participants

The study was approved by the Ethics Committee
of the Canton of Bern, Switzerland (BASEC-ID
2018-02301). Thirty-three volunteers (age range:
19-31years, male: 19; female: 14) participated in
this study. Participants were recruited through public
advertisement and selected on the basis of their
smoking behaviour and their availability. Only smo-
kers or persons with smoking experience were
included in the study. Experience with smoking
CBD- or THC-rich marijuana was not inclusion
criterion. All participants declared that they did not
use other drugs of abuse (not including abstinence
from alcohol or tobacco) and that they had abstained
from cannabis use for at least 3 weeks before the
examination. See Supplementary Table S1 for further
details on the demographics of the participants.
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Participants were excluded if they had a history
of drug abuse (according to self-report data), known
hypersensitivity to cannabinoids, were pregnant, suf-
fered from infectious, metabolic, ear/nose/throat,
autoimmune, respiratory, cardiovascular, psychiatric
or neurological diseases, cancers, liver or kidney
dysfunction or cognitive impairment, appeared to
be inebriated on test days or were considered pain
patients.

Each volunteer was informed about the possible
risks and signed an informed consent form con-
firming that, to the best of their knowledge, none
of the above-mentioned exclusion criteria applied
to them.

Design and procedures

Design

This single-centre pilot study, set up as a ran-
domised, double-blind, placebo-controlled, two-way
crossover study, was an initial investigation of the
influence of smoking CBD-rich marijuana on driving
ability. After smoking a joint containing either
CBD-rich marijuana (test group) or a placebo (con-
trol group), psychomotor and neurocognitive tests
were performed to determine the influence on driv-
ing ability.

Cannabis and placebo

Participants smoked either a CBD joint containing
marijuana with a total CBD concentration of 16.6%
(w/w) and a total THC concentration of 0.9% (w/w),
or a placebo joint, containing a product called
Knaster Hemp, a nicotine- and cannabinoid-free
herbal mixture with a hemp aroma. Cangenus AG
(Bachenbiilach, Switzerland) provided the CBD-rich
marijuana and Knaster Hemp was ordered online
via Chillhouse GmbH (Rohrsdorf, Germany). The
cannabinoid profiles of the CBD-rich marijuana and
the placebo were determined using an updated
high-performance liquid chromatography combined
with UV detection (HPLC-UV) method [43]. The
joints consisted of conically pre-rolled shells made
of ultra-thin rolling paper with an integrated card-
board filter (Vandenberg Special Products B.V.,
Rotterdam, the Netherlands). Each shell was filled
with 500 mg of additive free tobacco (Fred & Fly,
Lausanne, Switzerland) and 500 mg of either
CBD-rich marijuana or Knaster Hemp (mean
weight + SD per joint: (999 + 22)mg). This
resulted in doses of 83 mg of CBD and 4.5mg of
THC per CBD joint. Participants were not
required to follow any standardised smoking pro-
cedure, but were instructed to smoke the joint
ad libitum within 10 min.
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Tasks

Traffic-related psychological assessment. To assess
the participant’s fitness to drive, three different
dimensions of the Vienna Test System TRAFFIC
(Schuhfried GmbH, Moedling, Austria) were
evaluated. This system allows measurement and
examination of attitudes relevant to road safety with
validated and standardised tests, and is designed to
aid reliable decision-making regarding an individuals
fitness to drive. This system is currently used in
26 countries, and its standardised and objective
evaluation method ensures that the same conditions
apply to all participants, regardless of their cultural
background or level of education (Schuhfried-GmbH,
available from: www.schuhfried.com).

First, the reaction test (RT) of the Vienna Test
System was performed. Participants were instructed to
react as quickly as possible to visual and acoustic sig-
nals. This involved pressing or releasing a button as
quickly as possible when two stimuli were presented
simultaneously (yellow light and tone). The use of a
rest button and a reaction button allowed the data to
be divided into reaction time and motor time.

Second, participants’ behaviour under stress was
tested. The determination test (DT) was used to mea-
sure the reactive resilience, or the ability to react
under complex stimulus conditions. In the DT para-
digm, buttons and foot pedals can be used to react
to both coloured stimuli and acoustic signals. The
stress element in the DT emerges in responding as
quickly and accurately as possible to rapidly changing
stimuli. The adaptive test specification allows each
participant to be put in an overstrained situation with
an adequately high stimulus frequency, so that they
can no longer perform the required reactions. This
makes it possible to study behaviour under varying
degrees of psychophysical stress (Schuhfried-GmbH,
available from: www.schuhfried.com).

Third, participants’ concentration performance
was tested. In the Cognitrone test, the participant
compares one geometric figure with four other geo-
metric figures. The participant then indicates
whether the comparison figure corresponds to one
of the other four geometric figures. In the current
study, a test format with free processing time was
used, in which participants were instructed to press
different keys to indicate whether the figure was
identical to another figure or not (Schuhfried-GmbH,
available from: www.schuhfried.com).

Tests of balance and coordination. For further
assessment of participant’s fitness to drive, we used
three tests for balance and coordination based on
the Drug Recognition Experts (DRE) programme
[44] and Hauri-Bionda et al. [45]. These tests are
regularly used in Switzerland by trained medical
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personnel on behalf of the police to determine
neurological deficits after substance misuse and/or
possible intoxication of persons suspected of
impaired driving.

First, the participant’s balance was tested using the
Romberg test, combined with his/her internal clock.
The participant was asked to stand upright with his/
her feet together. The participant stretched his/her
arms out horizontally with the palms of the hands
facing upwards, the fingers spread and the head
slightly reclined. As soon as the participant felt ready,
he/she closed his/her eyes and estimated a time span
of 30s. The participant opened his/her eyes again to
signal that he/she felt the time span was over.
Meanwhile, the examiner measured the real time
span, from the moment the participant closed his/
her eyes to the moment he/she opened his/her eyes.

Second, the participant’s coordination was tested
using the Finger-to-Nose test. The participant was
asked to stand upright with his/her feet together.
The participant was instructed to stretch his/her
arms out to the side of the body with extended
index fingers, with the head slightly reclined and
the eyes closed. The main task was to use alternate
arms to touch the tip of the nose with the extended
index finger, then bring the arm back into the start-
ing position. The sequence performed by each par-
ticipant was left-right-left-right-right-left.

Third, the participant’s balance and coordination
were tested using the Walk-and-Turn test. The par-
ticipant was asked to place his/her left foot first,
then to place his/her right foot on the line, so that
the heel of the right foot touched the tip of the
left foot. The participant was instructed to take
nine steps on the line by placing one foot in front
of the other so that the heel of the front foot
touched the tip of the back foot. The participant
looked at his/her feet and counted each of the steps
aloud. A 180° turn of the body was then per-
formed, with the front foot always remaining on
the line, while the other foot made small steps to
turn. After the rotation, the front foot was placed
in front again and the rear foot touched the heel
of the front foot with its tip. In the same way as
before, the participant then took nine steps forward
(Figure 1).

Figure 1. Execution of the Walk-and-Turn test (red rectangle:
starting position; black: left foot; grey: right foot). 1: the first
step; 2: the second step; 9: the ninth step.

Vital signs and observable changes in behaviour,
orientation, mood, language and psychomotor
skills. The vital signs (blood pressure and pulse)
were measured with an automatic blood pressure
device (BM 28; Beurer GmbH, Ulm, Germany)
before the tests of balance and coordination. In
addition, the psychologist paid attention to any
changes in behaviour, orientation, mood, language
or psychomotor skills during the tests.

Procedure

On the first test day, a coin was tossed to randomise
participants into two groups. Depending on which
side the coin landed, either a joint with CBD-rich
marijuana or placebo was handed to participants. The
participant then smoked the joint within 10 min and
was taken to the first examination room. An initial
blood sample was taken before testing, followed by
the traffic psychological assessment, recording of vital
signs and tests of balance and coordination. After
the last test, another blood sample was taken. The
procedure on the second test day (7 to 14 days later,
with an average of 9days) was identical to the pro-
cedure on the first test day, but without the coin toss.
Participants who had smoked a CBD joint on the
first day of testing received a placebo joint and vice
versa. The average total test time between the two
blood samples on the first test day was slightly longer
((48+5)min) than that on the second test day
((42+6) min) because the tests needed to be explained
on the first day, whereas participants knew what to
expect on the second day of testing.

Evaluation and data analysis

Traffic psychological assessment

The Vienna Test System TRAFFIC provides validated
tests in a traffic psychology setting that are relevant
to road safety. Furthermore, this test provides easily
understandable results and fully automated evalua-
tions, individual reports, detailed profiles and com-
prehensive overall assessments. The measured test
variables are first output as raw values. However, the
raw values regarding a participant’s competence are
meaningless without knowing how other participants
usually perform in the same test [46]. Thus, these
raw values are compared to an extensive representative
norm sample compiled by Schuhfried GmbH from
data collected in German-speaking countries. This
process results in a percentage rank (PR) value, which
indicates the percentage of the reference population
that performed at least as well as the tested partici-
pant. In the evaluation of PR values and the presen-
tation of a participants profile, a distinction is made
between below average (PR < 16), average (16<PR <
84) and above average (PR > 84). In principle, a PR



of 16 should be achieved or exceeded in all perfor-
mance tests concerning driving ability, whereby iso-
lated results below this criterion can be considered
compensable (e.g. through driving experience, insight
into existing deficits, prudent behaviour) [47, 48].

In the reaction test, the following variables were
evaluated:

o Average reaction time: measurement of the
time between the beginning of the display
of the required stimuli and the release of the
rest button. A high PR value indicates that,
compared with the reference population, the
participant has an above-average ability to
respond quickly and appropriately to relevant
stimulus constellations (Schuhfried-GmbH,
available from: www.schuhfried.com).

o Average motor time: measurement of the time
between the release of the rest button and
the contact with the reaction button when
the relevant stimuli are presented. This vari-
able provides information about the speed
of movement of the participant. A high PR
value indicates that, compared with the
reference population, the participant has an
above-average ability to quickly implement
appropriately planned action sequences in
reaction situations (Schuhfried-GmbH, avail-
able from: www.schuhfried.com).

The main variable assessed in the DT was as
follows:

o Correct: indicates the number of all cor-
rect reactions performed by the start of the
next but one stimulus at the latest. This
evaluation measured the ability of the par-
ticipant to continue to react quickly and
adequately in reaction chains, even in the
range of the participant’s individual stress
limit (Schuhfried-GmbH, available from:
www.schuhfried.com).

The main variable assessed in the Cognitrone test
was as follows:

o Average time of “correct rejection”: mea-
surement of selective attention in terms of
the energy required to maintain a certain
level of accuracy. Participants performing
well on this variable are characterised by
a high level of concentration. This indi-
cates that the participant’s ability to focus
his/her attention on relevant information is
highly developed, exhibiting a quick work-
ing style when performing in a concentrated
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Shapiro-Wilk test
(a=0.05)

Do the data from each of
the two groups follow a
normal distribution?

Mann-Whitney U test
(a=0.05)

Yes

F-test
(a=0.05)

Do the two populations have
the same variances?

Welch two-sample t-test
(a=0.05)

Two-sample t-test
(a=0.05)

Figure 2. Statistical evaluation plan to determine significant
differences in mean values.

manner (Schuhfried-GmbH, available from:
www.schuhfried.com).

A problem with PR values is that differences (con-
trary to intuitive presumptions) cannot be interpreted
reasonably because they are rank- but not
interval-scaled. For example, it is not possible to say
that an improvement from a PR 2 to a PR 12 (10
PR difference) is worth as much as an improvement
from PR 50 to PR 60 (although both involve a 10
PR difference) [46]. Thus, to statistically evaluate
performance differences in traffic psychological
assessments, the percentage ranks were converted into
standard t-values using the table reported by Lauth
et al. [49]. The statistical evaluations and visualisa-
tions were carried out using Excel (Microsoft,
Redmond, WA, USA) and R version 3.6.2 (The R
Foundation). To determine whether significant dif-
ferences in mean values existed, different tests were
performed, selected according to the scheme indicted
in Figure 2. The following groups were distinguished:
CBD vs. placebo consumption; women vs. men and
Ist trial vs. 2nd trial. A significance level of a=0.05
was set for all tests, and the null hypothesis (H,) was
defined in such a way that the mean values of both
groups were equal (Hy: m,=my).

Tests of balance and coordination

During the Romberg test, we recorded whether the
participant had stable balance, whether he/she swayed
strongly, or whether he/she was unable to perform
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the test. Furthermore, we noted whether the partic-
ipant opened his/her eyes before the end of the test
and how many seconds he/she estimated as 30s.
These time spans were statistically evaluated and visu-
alised using Excel and R version 3.6.2 (Figure 2).

During the Finger-to-Nose test, we recorded
whether the participant touched the tip of his/her
nose or not. Furthermore, we noted whether the
movements were undisturbed or whether zigzag
movements or intention tremor were observed. In
addition, we assessed whether the motion sequence
(left-right-left-right-right-left) was correct or incorrect.

During the Walk-and-Turn test, we recorded
whether the participant exhibited interrupted walk-
ing, whether the heel-to-toe was missed, whether
the participant was hopping around and whether
the rotation was performed correctly. The number
of steps taken was also noted.

Vital signs and observed changes in behaviour,
orientation, mood, language and psychomotor
skills

Vital signs were visualised using Excel and R version
3.6.2. Observations of changes in behaviour, orien-
tation, mood, language and psychomotor skill were
registered and evaluated by a psychologist.

Blood sampling and sample analysis

After thoroughly washing the hands and disinfecting
the fingertips, the first capillary blood sample was
taken approximately 5min after finishing smoking and
a second sample was taken after completing all tests
(approximately 45min later). For sampling, the side of
the fingertip was pricked with a sterile, single-use lanc-
ing device (ACCU-CHECK® Safe-T-Pro Plus; Roche,
Mannheim, Germany) and 20puL of blood was taken
in quadruplets with disposable micropipettes end to
end 20puL (Minicaps®; Hirschmann® Laborgerite
GmbH & Co. KG, Eberstadt, Germany). The samples
were transferred directly to filter paper (grade 903,
CF12; Whatman®, Uppsala, Sweden) and left to dry
for at least 2h at ambient temperature. Afterwards, the
samples were stored in the freezer at —25°C in
Minigrip® bags containing a silica gel desiccant bag
(PROPASIL®; Propagroup S.p.A., Rivoli, Italy) and
analysed within 1week.

Sample preparation was based on an internally
validated extraction method and was adapted for
analysis of cannabinoids. Whole dried blood spots
were punched out (10mm i.d.) and transferred to an
Eppendorf tube. For each sample, 1 mL of acetonitrile
(HPLC gradient grade, 99.9%; Acros Organics, Geel,
Belgium) and 10uL of internal standard (THC-d,,
CBD-d, and 11-OH-THC-d; at 0.1pug/mL and
THC-COOH-d; at 0.5pg/mL; all from Cerilliant,

Round Rock, TX, USA) were added. After shaking
for 10min and centrifugation for 10min with 13
000rpm at 8°C, the solvent was transferred into a
micro-vial. The solvent was then evaporated to dry-
ness under a gentle stream of nitrogen and reconsti-
tuted in 100pL of acetonitrile/water/formic acid
(60/40/0.1; v/v/v). Aliquots of 25uL were then injected
into the liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) system.

Cannabinoid concentrations were determined using
our previously published column-switching on-line
SPE LC-MS/MS method [33, 50], modified using a
newer, more sensitive mass spectrometer. The LC-MS/
MS consisted of an UltiMate 3000 HPLC system
(Dionex, Olten, Switzerland), coupled to a 5500
QTRAP hybrid triple quadrupole/linear ion trap mass
spectrometer with a Turbo V ion source (SCIEX,
Brugg, Switzerland). Analyst software version 1.6.2
(SCIEX) was used for data acquisition and analysis.

Results
Traffic psychological assessment

Reaction test

The t-values for average reaction time ranged from
46.5-73.0 (mean: 60.6) after consumption of the CBD
joints and from 46.5-77.5 (mean: 61.0) after con-
sumption of the placebo joints. The average t-values
for motor time ranged from 38.0-77.5 (mean: 55.0)
and from 38.0-69.0 (mean: 55.7) after consumption
of the CBD joints and placebo joints, respectively.
There were no significant differences in reaction time
or motor time between smoking CBD-rich marijuana
and placebo. Whereas there was no significant gender
difference in reaction time after smoking the placebo,
there was a significant gender difference after smok-
ing CBD (P=0.004). Furthermore, there were signif-
icant gender differences in motor time after smoking,
in both the placebo (P=0.004) and CBD-rich
(P=0.004) marijuana conditions. The analysis
revealed no significant differences between the first
and second day of testing. Learning effects can there-
fore be excluded (Table 1).

Table 1. Statistics results of testing for significant differences
in the traffic psychological assessment.

P-value
Reaction Motor

Groups time time Determination Cognitrone
CBD vs. placebo  0.838 0.726 0.900 0.627
Women vs. men

Placebo 0.453 0.004* 0.869 0.250

CBD 0.044* 0.004* 0.779 0.128
1st trial vs. 2nd 0.928 0.318 0.320 0.112

trial

*Values marked with an asterisk are considered significant; CBD:
cannabidiol.



Determination test

The t-values for the total number of correct reactions
ranged from 37.5-77.5 (mean: 60.9) after smoking
the CBD joint and from 42.0-77.5 (mean: 60.7) after
consumption of the placebo joint. The consistency of
the results was also apparent in the statistical analysis,
revealing no significant differences in the comparison
between CBD and placebo consumption, between
male and female participants, or between the first
and second trial. Thus, learning effects were excluded
for the DT (Table 1).

Cognitrone test

The t-values for the average time of correct rejections
ranged from 57.0-77.5 for both the CBD and placebo
conditions. Although the mean values differed slightly
between conditions (72.2 versus 71.7 after smoking
the CBD and placebo joints, respectively), the analysis
revealed no significant differences between smoking
CBD-rich marijuana and placebo. Furthermore, no
significant differences were detected when comparing
between men and women, or between the first and
second trials. Accordingly, learning effects were
excluded for the Cognitrone test (Table 1).

Tests for balance and coordination

Romberg test

The estimated time ranged from 25-68s (mean: 34s)
after consumption of the CBD joint and from 26-55s
(mean: 37s) after smoking the placebo joint. In both
groups, the average value was slightly greater than the
target value. Although this difference was statistically
significant (P=0.039), the results were well within the
normal range of 20-45s. Furthermore, no significant
difference was detected between men and women
(P=0.913 for placebo and P=0.648 for CBD) or
between the first and second trials (P=0.169). Thus,
learning effects were excluded. In addition, a secure
balance was observed in all participants, regardless of
whether the CBD or placebo joint was smoked.

Finger-to-Nose test

Of the 33 participants, 32 touched the tip of the
nose with each action. In addition, movements were
undisturbed for 32 of 33 participants, regardless of
whether the CBD or placebo joint was smoked.
After consumption of the CBD joint, one participant
missed the tip of his/her nose twice. Another par-
ticipant’s movement paused when changing from
right to right again, after smoking the placebo joint.
The motion sequence (left-right-left-right-right-left)
was performed incorrectly five times out of 66: three
times after smoking the CBD joint and two times
after smoking the placebo joint.
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Walk-and-Turn test

None of the participants exhibited interrupted walk-
ing, and no participants missed the heel-to-toe or
hop around, regardless of whether they smoked the
CBD or placebo joint. Some discrepancies, however,
were observed in the rotation and the number of
steps taken. In total, the rotation was performed
incorrectly eight times, three of which occurred after
consuming the CBD joint. Furthermore, in 19 of 66
cases, an incorrect number of steps was taken. Again,
these deviations were spread over both groups: the
errors occurred 10 times after smoking the CBD joint
and nine times after consumption of the placebo joint.

Vital signs and observed changes in behaviour,
orientation, mood, language and psychomotor
skills

Systolic blood pressure ranged from 88-152mmHg
(mean: 128 mmHg) and from 106-169 mmHg (mean:
130 mmHg) after consumption of the CBD and the
placebo joints, respectively. The diastolic blood pres-
sure ranged from 57-106 mmHg (mean: 83 mmHg)
and from 66-100mmHg (mean: 82mmHg) after
smoking the CBD and the placebo joints, respectively.
The pulse ranged from 58-115/min (mean: 80/min)
after consumption of the CBD joint and from 61-117/
min (mean: 78/min) after smoking the placebo joint.
No other changes in behaviour, orientation, mood,
language and psychomotor skills were observed.

Cannabinoid concentrations in capillary blood

Directly after smoking the CBD joint, free CBD and
THC capillary blood concentrations were in the
range of 2.6-440.0 ng/mL (mean: 126.0 ng/mL) and
6.7-102.0 ng/mL (mean: 28.7 ng/mL), respectively.
After completing all the tests, approximately
45min later on average, free CBD and THC capillary
blood concentrations were still in the range of 1.9-
135.0ng/mL (mean: 42.7 ng/mL) and 0.9-38.0ng/mL
(mean: 6.5ng/mL), respectively.
11-Hydroxy-A°-THC (11-OH-THC), an active
metabolite of THC, was only detected in six samples
and in very low concentrations (<5ng/mL). The
inactive main metabolite, 11-nor-9-carboxy-A°-THC
(THC-COOH) was not detected in any samples.

Discussion
Traffic psychological assessment

The traffic psychological assessment revealed similar
distributions of results regardless of whether CBD-rich
marijuana or placebo was smoked. All mean values
were located above average zone, except for motor
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time, where the mean values were in the average
zone. Of 198 tests, only three (1.5%) resulted in a
t-value below the average zone and thus failed a test.
During the reaction test, one participant achieved a
t-value of 38, both after CBD and placebo consump-
tion, but no irregularities were shown in other tests.
Another participant failed the determination test after
smoking CBD-rich marijuana. However, this occurred
during the first trial, possibly because the participant
was visibly nervous and insecure in the test environ-
ment. However, the participant passed the test on the
second test day, although his/her test was still close
to failing (t-value after CBD: 37.5 vs. 42.0 after pla-
cebo consumption).

The analysis only revealed significant differ-
ences in reaction time and motor time between
men and women (Table 1). Because gender-related
differences in reaction time were only observed
after CBD consumption, it is possible that CBD
had a stronger influence on women than men. In
contrast, significant gender-related differences in
motor time were found after both placebo and
CBD consumption. These differences were more
likely to be due to gender variance itself, and
various studies have reported that men generally
have faster reaction times and/or motor times
than women [51].

Overall, no significant effects of CBD-rich mari-
juana on driving ability were observed in the traffic
psychological assessment of reaction time, motor time,
stress resistance, or ability to concentrate.

Balance and coordination tests

Romberg test

Of the 66 measurements, six (9.1%) were outside
the normal range of 20-45s. After smoking
CBD-rich marijuana, in one case, the participant
opened his/her eyes after 68s, indicating a dis-
turbed perception of time. However, this partici-
pant showed no irregularities in any other
measurements, raising the possibility that the
instructions were not clearly understood. According
to Grubb’s outlier test, this result was an outlier
(G =4.32; critical G-value for sample size 35 is 2.82
with «=0.05) and could therefore be rejected.
Interestingly, the other five results outside the nor-
mal range occurred after smoking placebo. However,
Grubb’s test indicated that these cases are not out-
liers and must therefore be retained (G=1.27, 1.27,
1.83, 1.97 and 2.54). It should also be noted that
all six cases outside the normal range occurred
during the participants’ first attempt, and all cases
were within the normal range after the second
trial. Although this may have indicated a learning
effect, statistical evaluation revealed no significant

differences between the first and second trial
results. Overall, smoking CBD-rich marijuana
revealed no significant influence on performance
in the Romberg test.

Finger-to-Nose test

The discrepancies observed during this test are likely
to be due to divided attention, regardless of whether
CBD-rich marijuana or placebo was smoked. It
should be noted that the sequence itself did not
appear to be the issue: in three cases, the partici-
pants simply started with the wrong hand
(right-left-right-left-left-right) and in another case,
an additional movement was made at the end with
the right hand (left-right-left-right-right-left-right).
In the fifth case, the arms were not returned to the
starting position each time. However, the instruc-
tions regarding this point may have been insuffi-
cient. Overall, the results revealed no effect of CBD
consumption on performance of the Finger-to-
Nose test.

Walk-and-Turn test

The discrepancies observed in the current results are
in accord with those reported in a previous study by
Papafotiou et al. [52]. In that study, incorrect rotation
and incorrect number of steps were reported to occur
almost as frequently with the use of placebo as with
the use of THC-rich marijuana, suggesting that per-
formance was likely to be independent of drug use.
Thus, the inclusion of these variables may lead to a
high incidence of false-positive results. Further inves-
tigations are necessary to determine whether these
variables should be excluded from the assessment
procedure. Considering these factors, it can be con-
cluded that no influence on the performance of the
Walk-and-Turn test was observed after smoking
CBD-rich marijuana.

Vital signs

No statistical evaluation of the vital signs was
carried out because the measurement uncertainty
of the device was not known, and only one mea-
surement was taken per participant because of
time constraints. Furthermore, the inclusion of
gender variance itself was not feasible in the cur-
rent study, and study participation itself can influ-
ence these parameters because it is not comparable
to smoking marijuana in a recreational environ-
ment. Overall, the current results revealed no sig-
nificant influence of smoking CBD-rich marijuana
on vital signs. These observations are in accord
with the results of a previous study by Bergamaschi
et al. [29].



Cannabinoid concentrations in capillary blood

During the current pilot study, 33 participants smoked
a single joint of a 1:1 mixture of tobacco and legal
CBD-rich marijuana ad libitum within 10 min, simu-
lating acute use. Accurate estimation of the bioavai-
lable amount of CBD and THC is difficult when
administering cannabis by smoking. Various factors,
such as varying inhalation efficiency and losses due
to side-stream smoke and pyrolysis, must be taken
into consideration. These factors are not controllable,
making the estimation highly variable. Huestis [53]
established that the bioavailability of CBD and THC
ranges between 11%-45% and 10%-50%, respectively.
Furthermore, losses due to pyrolytic destruction and
side-stream smoke accounted for up to 30% and 50%
of variation, respectively. The CBD-rich joints in our
study contained 83mg of CBD and 4.5mg of THC.
On the basis of these findings, approximately 58 mg
of CBD and 3.2mg of THC were likely to have been
released by smoking, and an estimated dose of 29 mg
of CBD and 1.6 mg of THC was likely to have been
inhaled. With an average bioavailability of approxi-
mately 30%, the estimated systemically available
amounts after smoking CBD-rich marijuana were
8.7mg CBD and 0.5mg THC.

The analyses of capillary blood samples directly
after smoking resulted in detectable free CBD concen-
trations in all samples, ranging from 2.6-440.0 ng/mL
(mean: 126.0ng/mL). Free THC was detected in all
but one sample and the THC positive cases ranged
between 6.7-102.0ng/mL (mean: 28.7ng/mL),
exceeding the cut-off value for driving under the
influence of cannabis according to the Swiss Road
Traffic regulations. The broad distribution between
the lowest capillary blood concentrations (6.7 ng/mL
free THC and 2.6 ng/mL free CBD; free CBD/THC
ratio: 0.39) and the highest concentrations (102.0ng/mL
free THC and 440.0ng/mL free CBD; free CBD/
THC ratio: 4.31) could be explained by
inter-individual differences in puff duration, inhaled
smoke volume and breath-holding after inhalation
[54]. Similar observations between occasional and
heavy users have been conducted with participants
smoking THC-rich marijuana, and Huestis et al.
[55] reported peak levels ranging from 76.0 to
267.0ng/mL. Even within the two groups of occa-
sional and heavy consumers, inter-individual diffe-
rences have been found, with Toennes et al. [56]
reporting concentrations ranging from 11.9 to
86.0ng/mL and 7.9 to 244.8ng/mL for occasional
and heavy users, respectively, after smoking a stan-
dardised THC joint.

In the capillary blood samples taken after the tests
(approximately 50 min after smoking), free CBD was
still detected in all samples, ranging between 1.9-
135.0ng/mL (mean: 42.7ng/mL) and THC in 30 out
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of 33 samples (0.9-38.0ng/mL; mean: 6.5ng/mL).
Compared with samples taken directly after smok-
ing, the concentrations were three to four times
lower on average. Of the 30 THC positive cases,
only nine were below the cut-off value of 2.2 ng/mL.
Accordingly, approximately 65% of all participants
had blood concentrations of THC above the decision
limit for driving under the influence of cannabis
from a legal point of view even 45min after the
end of smoking CBD-rich marijuana. A comparison
of the capillary blood concentrations with other
studies is difficult because pharmacokinetic studies
usually analysed venous whole blood or plasma. It
is unclear at this stage whether there are differences
in the concentrations of CBD and THC when com-
paring venous whole blood/plasma to capillary
blood. This information is becoming more important
as dried blood spot samples with capillary blood
are increasingly widely used beyond forensic toxi-
cology [57]. We are currently working on filling this
knowledge gap. In another study in our laboratory,
smoking experiments with CBD-rich marijuana were
performed in which venous and capillary blood sam-
ples were taken simultaneously over a 60-min period
(manuscript in preparation).

Considering that the tests performed in the cur-
rent study revealed no signs of impairment, the
high THC concentrations are surprising. Previous
experimental studies of THC-rich marijuana have
reported physiological impacts, including cardio-
vascular [58, 59] and neurological effects [60, 61].
Furthermore, it is known that THC influences cer-
tain psychological parameters, such as psychomotor
performance (balance and body sway) [62-65],
perception of passage of time [59] and more com-
plex tasks requiring continuous monitoring and
the ability to shift attention rapidly between vari-
ous stimuli [66, 67]. Other studies [36-38, 52, 63]
relating to driving ability show considerable reduc-
tions in certain parameters, with measured blood
THC concentrations comparable to or even lower
than those observed in our study. Similar obser-
vations have also been made in previous studies
involving driving tests [40-42]. While the mea-
sured THC concentrations in these previous studies
do not differ greatly from our study, they are asso-
ciated with substantially different effects. Moreover,
epidemiological studies by Drummer et al. [68]
and Laumon et al. [69] reported that drivers with
blood THC concentrations of 5ng/mL or higher
had a significantly higher likelihood of causing a
crash than drug-free drivers, suggesting an impaired
ability to drive. Similar results were also reported
by Khiabani et al. [70], revealing that drivers with
blood THC concentrations above 3 ng/mL had an
increased risk of being judged as impaired.
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The question therefore arises regarding why the
current results revealed no signs of impairment
despite elevated blood THC concentrations. Previous
studies have suggested a possible protective effect
of CBD, reporting that CBD can counteract the
negative effects of THC [71]. However, the mech-
anisms by which CBD exerts these effects remain
to be elucidated. Zuardi et al. [30] have shown that
the administration interval and dose ratio between
CBD and THC play an important role for the inter-
action of the two substances. An earlier study con-
ducted by Zuardi et al. [72] and a more recent
study by Bhattacharyya et al. [73] suggest that
simultaneous administration of a high dose ratio
of CBD/THC could favour a pharmacodynamic
interaction over a pharmacokinetic interaction in
humans, whereby an antagonistic effect occurs when
the CBD/THC ratio is at least 8.1 (£11.1) [74]. This
may also explain why no symptoms of impairment
were observed during the tests in the current study,
despite high blood THC concentrations. The total
CBD concentration in the smoked marijuana was
approximately 18 times higher than the total THC
concentration. This could potentially explain why
a recent study by Arkell et al. [39] reported that
no preventative mechanisms of CBD were observed.
The pharmacodynamic mechanisms responsible for
the wide range of effects of CBD are currently
unclear. It was traditionally presumed that CBD
behaves like a first-generation CB, and CB, receptor
inverse agonist [75, 76]. However, recent investiga-
tions suggest that CBD acts through negative
allosteric mechanisms at these two receptors
[77-79].

Conclusion

In view of the legal availability of CBD-rich mari-
juana, we conducted a pilot study with 33 partici-
pants to investigate different psychomotor and
neurocognitive skills with regard to driving ability.
The traffic psychological assessment with three stan-
dardised and validated tests showed that there were
no significant differences between smoking CBD-rich
marijuana and placebo in reaction time, motor time,
behaviour under stress, or concentration.
Furthermore, balance and coordination tests indi-
cated no significant differences.

These results are surprising because high THC
concentrations were detected in capillary blood after
smoking CBD-rich marijuana. Mean values+ SD
were (28.7+24.1)ng/mL directly after smoking and
(6.5+8.5)ng/mL after performing the tests. Although
free THC concentrations reached levels that were
considered to cause symptoms of impairment in
other studies in which THC-rich marijuana was
smoked, no signs of impairment were observed in

the current study. These findings suggest that higher
CBD concentrations caused a negative allosteric
effect in the endocannabinoid system, preventing
the formation of such symptoms.

To the best of our knowledge, this is one of the
first studies investigating the potential impact of
smoking CBD-rich marijuana on road safety.
Although no symptoms of impairment were
observed, it is recommended that consumers refrain
from driving for several hours after smoking
CBD-rich marijuana, as legal THC concentration
limits may be exceeded.

Limitations

In the current study, only six tests (four of which
are validated and standardised) were performed, limi-
ting the conclusions that can be drawn. Thus, it is
possible that CBD has an impact on other charac-
teristics of driving ability that were not tested in the
current study. However, we believe that these six tests
provide relatively comprehensive results.

Furthermore, the absence of a positive control
(e.g. with THC-rich marijuana) should be considered
when interpreting the current results. This lack of
a control condition is based on the decisions of the
responsible ethics committee. This was also the case
regarding the inclusion of other examinations, such
as on-the-road driving performance tests.
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