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Per Se Driving Under the Influence of Cannabis Statutes 
and Blood Delta-9-Tetrahydrocannabinol 

Concentrations following Short-Term Cannabis 
Abstinence
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BACKGROUND: Several US states have per se laws using 
2 or 5 ng/mL of delta-9-tetrahydrocannabinol (THC) 
as cutpoints for driving under the influence of 
cannabis, while some have zero-tolerance statutes. These 
cutpoints are considered prima facia evidence of driving 
impairment.

METHODS: In a cohort of people who regularly use can
nabis (N = 190) we measured baseline concentrations of 
THC after instructing participants to abstain from can
nabis for at least 48 hours. Baseline driving performance 
was evaluated using a driving simulator. We also mea
sured blood THC concentrations serially following a 
smoking session (placebo or active cannabis).

RESULTS: Forty-three percent of the participants ex
ceeded zero-tolerance statutes (≥0.5 ng/mL) at baseline. 
Twenty-four percent had baseline blood THC concentra
tions that were ≥2 ng/mL and 5.3% were ≥5 ng/mL. 
The maximum observed baseline blood concentration 
was 16.2 ng/mL. Six hours after smoking active canna
bis, the median (interquartile range) difference in 
THC concentrations compared with baseline was 0.5 
(0–0.9) ng/mL; a 1-sample t-test comparing the mean 
change to 0 was significant (P < 0.001). There was no 
difference when comparing the mean change to 0 in 
the placebo group (P = 0.69). Simulated driving per
formance was not different between those who exceed 
zero tolerance and per se cutpoints vs those who are be
low these cutpoints (P > 0.05).

CONCLUSIONS: Many regular users of cannabis exceed 
zero tolerance and per se THC cutpoint concentrations 
days after their last use, risking legal consequences des
pite no evidence of impairment.
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Introduction

Cannabis as a risk factor for causing motor vehicle 
crashes has been studied in a variety of settings including 
controlled laboratory studies, at the roadside, and in 
prospective evaluations (1, 2). Using a driving simulator, 
our previous work demonstrated significantly worse 
driving at 30 and 90 min after smoking cannabis ad li
bitium that recovered to baseline at 4.5 h (3). In a study 
involving 3000 crashes, Lacey et al. evaluated the contri
bution of delta-9-tetrahydrocannabinol (THC) on mo
tor vehicle crashes and concluded that the adjusted 
odds ratio of THC increasing the risk of a crash was 
1.0, indicating no increase of crash risk due to detectable 
THC (4). Brubacher et al. showed that after Canada le
galized cannabis there was an increase in the prevalence 
of drivers who had detectable cannabis in their blood 
following a motor vehicle crash (5). These authors also 
examined whether blood THC concentrations were a 
risk factor for causing crashes (6). They showed a signifi
cant association with crash risk for ethanol and when 
ethanol was combined with cannabis, but were not 
able to demonstrate a statistically significant increase 
in crash risk when THC was detected even at concentra
tions that exceeded 5 ng/mL. Epidemiologic studies 
show that the crash risk associated with cannabis use is 
significantly elevated with an odds ratio of 1.32 (7). 
This compares with an odds ratio of 13 for being in
volved in a fatal motor vehicle crash when drivers have 
0.08% w/v ethanol in their blood (8). A recent 
meta-analysis of 31 published studies concludes that 
low-certainty evidence suggests cannabis consumption 
may be associated with an increased risk of injury due 
to motor vehicle collisions (2). While all of these ap
proaches listed have strengths and weaknesses, most of 

1225

https://orcid.org/0000-0001-6050-8525
https://orcid.org/0000-0003-2137-4645
mailto:rfitzgerald@ucsd.edu
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


the evidence suggests that THC can be impairing but 
not to the same degree as ethanol intoxication. 
Developing scientifically valid measures of cannabis im
pairment is important for maintaining safe roadways.

One approach to regulating driving under the influ
ence of cannabis is to model approaches used for drunk 
driving. Despite evidence showing no correlation 
between THC concentrations in biological fluids and 
driving impairment (3, 9–11), several of the states in 
the United States have adopted “per se” THC concen
tration statutes. Other countries have adopted similar 
approaches (12). In this context, when a driver has con
centrations of THC exceeding the per se limits, no add
itional evidence is required to establish impairment, 
known as prima facia evidence. In addition to the 6 
states that have per se limits, an additional 12 states 
have a zero-tolerance law (13). The 0.08% w/v per se 
statue is commonly used for driving under the influence 
of alcohol, where many reports show that blood ethanol 
concentrations have a relationship with impairment 
(4, 14, 15). Even with alcohol, it is recognized that per 
se limits are not solely based on scientific data but are in
fluenced by legal and societal norms (16). One of the pri
mary problems with using THC concentrations in per se 
legislation is that the pharmacokinetics of THC are 
much different from ethanol. Ethanol concentrations 
are typically undetectable 24–48 h after last exposure, 
while THC can be measured up to 30 days after last 
use (17). The duration of THC impairment depends 
on many factors including the route of administration, 
and how much was consumed. After inhalation, the ef
fects of THC typically last about 3–5 h, while orally ad
ministered THC effects can last for 8 h (18).

This paper reports on baseline concentrations of 
THC (and related cannabinoids) in people who regular
ly use cannabis (N = 190) and were asked to abstain 
from using it for at least 48 h prior to phlebotomy. 
We examined baseline concentrations prior to partici
pants smoking cannabis and compared baseline concen
trations with those at the end of the study protocol, 5 h 
after smoking cannabis. We also report on simulated 
driving performance for participants who exceeded per 
se cutpoints compared with participants who were below 
these values.

Materials and Methods

All aspects of this human research were conducted in ac
cordance with the Declaration of Helsinki. Full details of 
inclusion and exclusion criteria have been published pre
viously (3). Briefly, study participants were required to be 
active users of cannabis (using cannabis 4 or more times 
in the past month), aged 21–55 years, hold a valid driver’s 
license, and drive at least 1000 miles in the last year. 

Exclusion criteria included: a positive urine screen for 
nonprescription amphetamines, benzodiazepines, barbi
turates, opiates, oxycodone, cocaine metabolite, or phen
cyclidine. To help ensure that participants did not use 
cannabis at home prior to the study day we performed 
an oral fluid screen and excluded anyone with an oral 
fluid THC concentration that exceeded 5 ng/mL.

We measured baseline concentrations of THC in 
blood after instructing participants to abstain from can
nabis use for at least 48 h prior to the study. THC was 
quantified in whole blood using isotope dilution liquid 
chromatography with tandem mass spectrometry 
(LC-MS/MS) as described previously (19). The lower 
limit of quantification for THC was 0.5 ng/mL. 
Zero-tolerance statutes refer to any detectable THC, 
and since our lower limit of quantification was 
0.5 ng/mL anyone with a concentration ≥0.5 ng/mL 
was considered to have exceeded the “zero-tolerance” 
limit. Baseline concentrations of THC (and related 
compounds) were quantified prior to participants smok
ing cannabis. In this paper, we define baseline concen
trations as the concentration of THC prior to 
initiation of smoking cannabis on the study day.

Details of the driving simulation along with how the 
composite drive score was calculated have been described 
previously (3). In short, the driving simulations were 
25 min in length and recorded key variables such as 
standard deviation of lateral position, variability of speed, 
car following, and number of correct divided attention 
tasks. The validity of standard deviation of lateral position 
and car following tasks in detecting declines in perform
ance relating to cannabis and other substances has been 
widely reported (20–26). The composite drive score nor
malized these variables based on presmoking driving 
simulation performance of all participants (3).

STATISTICAL ANALYSIS

A paired t-test was used to test changes in THC concen
tration from baseline to 5 hours after smoking. A 
2-sample t-test was used to compare driving performance 
between participants with baseline THC concentrations 
that exceeded per se and zero-tolerance cutpoints with 
participants who were below the cutpoints. Two-sided 
tests with significance level of 0.05 were used. For the 
Supplemental Tables evaluating the effect of participant 
demographics on baseline concentrations of THC, tests 
are independent samples t-test (age, BMI, days used), 
the Fisher exact test (sex, current use), or Wilcoxon 
rank sum test.

Results

Participants self-reported that the median [interquartile 
range (IQR)] time since they last used cannabis was 
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3 (3–6) days. Figure 1A shows a histogram and range 
of the baseline blood concentrations of THC in all par
ticipants prior to the smoking session. The mean 
(±standard deviation) baseline THC concentration 
was 1.1 (+/− 2.0) ng/mL. The median (IQR) THC base
line concentration was 0 (0–1.8) ng/mL. The range of 
baseline THC concentrations was from 0 to 16.2 ng/mL. 
When considering per se cutpoints of 5 and 2 ng/mL, there 
were a total of 10 (5.3%) and 45 participants (24%) who 
exceeded these thresholds, respectively. Forty-three percent 

of the participants exceeded the zero-tolerance cutpoint at 
baseline. The baseline concentrations of other cannabi
noids are shown in Table 1. A comparison of demographic 
characteristics based on the baseline THC blood concen
tration groups for the 3 cutpoints (5, 2, and 0.5 ng/mL) 
showed no statistically significant differences between the 
groups for age, sex, and BMI. All 3 cutpoints were asso
ciated with cannabis use variables. Specifically, people 
with higher THC concentrations were more likely to use 
cannabis more frequently, more recently, and in greater 

Fig. 1. Distributions of THC concentrations. (A), The distribution of whole blood baseline THC concentra
tions (ng/mL) in 190 participants who were asked to abstain from using cannabis for 48 h prior to phlebot
omy. The highest concentration of THC was 16.2 ng/mL. The median THC concentration at baseline was 
less than the lower limit of quantification (0.5 ng/mL); (B), The distribution of the difference in THC con
centrations between the final blood draw (5 h postsmoking) and the baseline blood drawn (presmoking) 
for participants in the active drug arms of the study (N = 104). A 1-sample t-test comparing the mean 
change to zero was significant (P < 0.001), with a median (IQR) of 0.5 (0–0.92) ng/mL; (C), The difference 
between the final concentration and the baseline concentrations of THC in the placebo group (N = 51). 
A 1-sample t-test comparing the mean change to zero was not significant (P = 0.69), with a median 
(IQR) of 0.0 (0.0–0.0) ng/mL.
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amounts (Supplemental Tables 1–3). Inclusion of pre
dictors not correlated with the cutpoints (age, sex, 
BMI) did not change the effect of THC concentration 
on composite drive score, which remained not signifi
cant for all cutpoints.

To examine how baseline concentrations of THC 
compared to the final time point of the study, which 
was about 5 h after initiation of smoking, we subtracted 
the baseline THC concentrations from the final blood 
draw for participants not in the placebo arm (Fig. 1B). 
The concentration of THC was higher at the end of 
the study compared with baseline (t = 8.35, df = 103, 
P < 0.001) for the active drug cohort, but these differ
ences were small with a median (IQR) change of 0.5 (0 
to 0.9) ng/mL. The mode for this difference was 0 ng/mL, 
and 38 participants had a difference of 0 or less. 
Thirty-seven percent of participants’ blood THC concen
trations had returned to baseline 5 h after smoking a can
nabis cigarette containing 5.9% or 13.4% THC.

Figure 1C shows the difference between the final 
blood draw (about 5 h after smoking) and baseline con
centrations for the placebo group, which had a median 
(IQR) value of 0 (0–0) ng/mL. This demonstrates that 
in the absence of smoking active cannabis, blood con
centrations do not change appreciably over a 5 h time 
frame in a population of people who use cannabis. It 
should be noted that the lower limit of quantification 
of the analytical method is 0.5 ng/mL with accuracy of 
±20% at this concentration (19).

One participant had a baseline THC concentration of 
16.2 ng/mL. We were concerned that perhaps this partici
pant used cannabis the day of the study given her high 
baseline concentration so we examined concentrations of 
metabolites and her kinetic profile more carefully. This 
participant also had the highest baseline concentrations 

of 11-hydroxy-THC, (±)-11-nor-9-carboxy-Δ9-THC 
(THCCOOH), and (+)-11-nor-Δ9-THC-9-carboxylic 
acid glucuronide (THCCOOH-gluc), which were 9.3, 
133, and 571 ng/mL, respectively (Table 1). The kinetic 
profile of this participant, who was randomized into the 
low THC content group (700 mg of 5.9% THC), is 
shown in Fig. 2. Fourteen minutes after starting to smoke, 
this participant reached a peak THC concentration of 
135 ng/mL. This participant’s THC concentration at the 
end of the study (5 h post smoking) was 16.5 ng/mL. 
Based on the difference between the pre- and postsmoking 
weight of the joint, this participant was exposed to 
34.2 mg of THC. Other relevant characteristics of this 
participant were that she was 39 years old, female, self- 
reported using 0.5 g of cannabis 27 out of the last 30 
days, and had a body mass index of 35.4. The participant 
self-reported as abstaining from cannabis for 2.5 days prior 
to the study. Her baseline (presmoking) performance on 
the driving simulator was slightly better than the mean 
for all participants. Kinetic profiles of other participants 
have been published previously (27, 28).

Using the composite drive score, we compared the 
baseline driving performance of participants with 
blood THC concentrations ≥5 and 2 ng/mL relative 
to participants with blood concentrations lower than 
these cutpoints. We did a similar analysis with 

Table 1. Median (interquartile range) baseline 
whole blood concentrations of cannabinoids 

(N = 190 participants).

Compound Median (IQR); maximum ng/mL

THC 0 (0, 1.75); 16.2

CBN 0 (0, 0); 0.5

CBD 0 (0, 0); 2.5

11-OH-THC 0 (0, 0); 9.3

THCCOOH 3.25 (0, 15.2); 133

THCCOOH-Gluc 8.10 (0, 45); 571

CBG 0 (0, 0); 0

THC-V 0 (0, 0); 0

11-OH-THC, 11-hydroxy-THC; CBN, cannabinol; CBD, cannabi
diol; CBG, cannabigerol; THC-V, tetrahydrocannabivarin. Fig. 2. Kinetic profile of blood THC in the partici

pant who had a baseline THC concentration of 
16.2 ng/mL. This participant smoked 580 mg of 
a cannabis cigarette that contained 5.9% THC 
(34.2 mg of THC). Fourteen minutes after smok
ing, her blood THC concentration peaked at 
135 ng/mL and by the end of the study (4 h 
55 min after smoking) asymptotically ap
proached her baseline concentration of 
16.2 ng/mL.
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participants above and below the zero-tolerance cut
point (THC ≥0.5 ng/mL). Figure 3A shows the distri
butions of the composite drive scores for participants 
with baseline THC concentrations <5 ng/mL relative 
to those with baseline concentrations ≥5 ng/mL. 
Both of these distributions have a similar range of drive 
scores and were not significantly different (t = 1.47, 
df = 185, P = 0.14). Figure 3B shows a similar plot 
for participants with baseline THC <2 ng/mL and 
≥2 ng/mL. Like the 5 ng/mL cutpoint, there were no 

differences in driving performance between partici
pants above or below the 2 ng/mL cutpoint (t = −0.92, 
df = 185, P = 0.36). Figure 3C shows the comparison 
of driving scores between participants who had 
THC concentrations that were not quantifiable 
(<0.5 ng/mL) with those who exceeded zero tolerance 
(≥0.5 ng/mL). Like the other cutpoints, there were no 
differences in driving performance between partici
pants above or below the zero-tolerance cutpoint 
(t = 0.85, df = 185, P = 0.40).

Fig. 3. Baseline blood THC concentrations and performance on the driving simulator for participants who 
exceeded zero-tolerance and per se cutpoints with those who were below these cutpoints. (A), Baseline 
driving performance in participants with initial THC concentrations ≥5 ng/mL (N = 10) compared with par
ticipants who had <5 ng/mL (N = 177), P = 0.14; (B), Baseline driving performance in participants with ini
tial THC concentrations ≥2 ng/mL (N = 44) compared with participants who had <2 ng/mL (N = 143) 
P = 0.36; (C), Baseline driving performance in participants with initial THC concentrations ≥0.5 ng/mL 
(N = 79) compared with participants who had <0.5 ng/mL (N = 108) P = 0.40. Solid bars indicate median 
values, dots are mean values, boxes represent the inner quartile ranges, and the whiskers show the range 
of observed values.
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Discussion

The results of this study are important for several rea
sons. We show that almost one-quarter of the popula
tion that regularly uses cannabis have baseline 
concentrations of THC that exceed the 2 ng/mL per 
se cutpoint and 5% exceed the 5 ng/mL per se cut
point, while 43% of our participants exceeded the 
zero-tolerance cutpoint (0.5 ng/mL). Our data argue 
that the concentrations we measured at baseline likely 
reflect steady state THC concentrations in this popu
lation, several days after last use. We demonstrate 
that the baseline concentrations are not a result of re
cent exposure because the concentrations of THC at 
the end of the study are not significantly different 
from the baseline concentrations for the placebo group 
and were small (median difference of 0.5 ng/mL) for 
the active drug group. If participants had recently 
used (e.g., consumption the morning of the study) 
we would expect to see a difference between baseline 
concentrations and the final THC concentration. We 
also show, using quantitative data from the driving 
simulator, that participants who exceeded the 
zero-tolerance and per se cutpoints (2 and 5 ng/mL) 
performed in a similar manner as those below these 
arbitrary values. These results add to a growing body 
of evidence that per se THC blood statutes lack scien
tific credibility as prima facia evidence of impairment 
(9–12, 17, 27, 28).

Baseline concentrations of THC and metabolites in 
people who regularly use cannabis are difficult to deter
mine because it is hard to control for time since last use. 
Desrosiers et al. measured baseline THC and related me
tabolites in a cohort (N = 25) that was in a secure re
search unit. Participants presented to the research unit 
20 h before the baseline blood concentration was mea
sured. Twenty hours after being in the restricted unit, 
the highest baseline concentration of THC measured 
was 8 ng/mL (29). In our larger study (N = 190) we 
had 3 participants with concentrations >8 ng/mL (9.0, 
9.2 and 16.2 ng/mL). We present evidence that the 
baseline concentration of 16.2 ng/mL likely reflected 
this participant’s true baseline and not recent smoking 
(exposure the morning prior to the study period), be
cause her final concentration measured (16.5 ng/mL) 
was within the error of the measurement of the analytical 
method (±20%) relative to her baseline concentration. 
If she had consumed cannabis the morning of the study 
we would have expected her baseline THC concentra
tion to exceed the value at the end of the study. The 
fact that this participant had the highest concentration 
of THC metabolites and other cannabinoids as shown 
in Table 1, also supports our contention that the 
16.2 ng/mL THC concentration measured reflects her 
true baseline.

Bergamaschi et al. also reported on baseline con
centrations of THC and metabolites in 30 participants 
who resided in a secure research unit (17). On admis
sion to the secure research area the median (range) of 
THC concentrations was 1.4 (0.3–6.3) ng/mL. After 
being in the secure unit for 1 day the highest measured 
THC concentration was 2.9 ng/mL and the highest 
THCCOOH concentration was 93.4 ng/mL (17). In 
our study, the highest THC concentration measured 
at baseline was 16.2 ng/mL and this participant had 
baseline concentrations of 133 ng/mL for THCOOH 
and 571 ng/mL for THCCOOH-glucuronide. It 
should be noted that Bergamaschi used a hydrolysis 
step to cleave THCCOOH-glucuronides (30), so the 
resultant THCCOOH represents both the free 
THCCOOH and the glucuronidated form. We did 
not include a hydrolysis step in our analytical method, 
so we report both THCCOOH and THCOOH- 
glucuronide. The initial concentration of 16.2 ng/mL 
of THC in our participant seems consistent with a 
baseline value since her total THCCOOH concentra
tion is also much higher than that reported in the 
Bergamaschi study. While both THCCOOH and 
THCOOH-glucuronide are inactive metabolites, the 
very high concentrations we measured support that 
this participant was a heavy user of cannabis and are 
consistent with her elevated baseline (16.2 ng/mL) 
THC concentration.

Wurtz et al. reported that baseline blood concentra
tions exceeded the 5 ng/mL cutpoint of THC in 16 of 
30 (53%) participants following a 12-hour period of 
abstinence and in the absence of impairment (both 
self-reported) (10). The median baseline THC blood 
concentration was 6.4 ng/mL, with the highest baseline 
concentration in the 80 ng/mL range (10). Most partici
pants in the Wurtz study were described as chronic daily 
users. In our study we had 10/190 (5%) exceeding the 
5 ng/mL cutpoint, but our participants had a more 
varied use history and a longer period of abstinence com
pared with the Wurtz report.

Odell et al. reported that the average blood THC 
concentration in a group (N = 21) of people who use 
cannabis was 4 ng/mL 32 hours after being admitted 
to a detoxification unit (31). These authors showed 
that concentrations of THC in blood varied from 1 to 
13 ng/mL when people who use cannabis had been in 
the unit between 19 and 61 h. These results are similar 
to what we report for our participants who abstained for 
at least 48 h. Odell found that one participant had blood 
concentrations of THC that exceeded 5 ng/mL for 5 
days, despite being in a detoxification unit. Odell also 
shows that several days after last use, the concentration 
of THC in blood fluctuates at low levels, generally ±1 
or 2 ng/mL. The data we show in Fig. 1C, where the dif
ference between the final THC concentration and the 
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baseline concentration is not always 0 for the placebo 
group, likely represents what Odell observed. Odell pos
tulated that small variations in the concentration of 
THC and metabolites at the later stages of excretion 
probably represents variable release of THC from body 
stores. Karshner et al. also reported similar findings 
where 89% of participants who were in a secure research 
unit had at least one specimen with increased THC con
centrations compared to the previous day (32). As was 
suggested by Odell (31), the baseline blood THC con
centrations we present are higher than previously re
ported, making it important to rethink how these 
concentrations are interpreted in a forensic setting.

The method for determining baseline or steady state 
concentrations of THC in blood is important especially 
considering per se driving under the influence statutes. 
Figure 2 shows that our participant with a baseline 
THC blood concentration of 16.2 ng/mL has a clear 
rise in concentration following the smoking session. 
Four hours after smoking, her blood concentrations 
asymptotically approach her initial baseline concentra
tion. In states that have legal cannabis, it is very import
ant that people who use cannabis are informed about the 
potential legal risks they face even when they have not 
used cannabis for several days or longer. Her baseline 
THC concentration greatly exceeds the zero-tolerance 
and per se cutpoints used by many states. Indeed, nearly 
half of our study population exceeds the zero-tolerance 
cutpoint and are at risk of the potentially serious conse
quences of a driving under the influence of drugs convic
tion when it has been several days since they last used 
cannabis. Our study adds important data to the litera
ture showing that participants with elevated baseline 
concentrations of THC do no worse on a driving simu
lator compared with participants who are below per se 
cutpoints.

This study has several limitations. A primary limita
tion is that driving performance was gauged using a 
simulator that does not capture all of the variables en
countered on roadways. However, the sensitivity and 
validity of the driving simulation has been assessed in 
a number of our publications (3, 33). In addition to 
the paper demonstrating that driving simulator perform
ance was sensitive to THC exposure (3), we also found 
that across the entire sample, simulator performance 
was significantly (P < 0.001) associated with the total 
number of clues on field sobriety tests performed by cer
tified drug recognition experts who were actively prac
ticing in the field (33), providing additional external 
validation of the simulations. We have also shown that 
the current simulations are sensitive to alcohol impair
ment (34) and that prior iterations of the simulator re
late to on-road driving evaluations conducted by 
certified evaluators (35). We also did not have a control 
group consisting of drivers who did not use cannabis. 

In addition, we did not sequester participants in a con
trolled facility for 2 days prior to the initiation of the 
study day to ensure they had not recently used cannabis. 
We relied on oral fluid testing and self-reporting to help 
ensure participants did not use the morning of the study. 
The kinetic data presented here also supports our inten
tion of having participants abstain for 2 days prior to the 
beginning of the study.

More work needs to be done to address how to best 
identify drivers who are under the influence of cannabis 
and are unsafe to drive. A brief editorial highlights many 
of the challenges faced when developing a reliable test of 
cannabis impairment (36). At present, the best protocol 
is a combination of observations in the field and toxicol
ogy testing. We recognize that the current state of the art 
is lacking and have made recommendations on pathways 
for improvement (37). We feel that an essential compo
nent of improving highway safety is collaborations be
tween law enforcement and the scientific community 
to develop standards that are unbiased and potentially 
lifesaving.
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