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ABSTRACT

Aims Medical marijuana law (MML) enactment in the United States has been associated with increased cannabis use
but lower traffic fatality rates.We assessed the possible association ofMML and individual-level driving under the influence
of cannabis (DUIC) and also under the influence of alcohol (DUIA). Design and setting Three cross-sectional U.S. adult
surveys: The National Longitudinal Alcohol Epidemiologic Survey (NLAES; 1991–1992), the National Epidemiologic
Survey on Alcohol and Related Conditions (NESARC; 2001–2002), and the NESARC-III (2012–2013).

Participants The total n was 118497: 41 764, 41184, and 35549 from NLAES, NESARC, and NESARC-III, respec-
tively.Measurements Across the three surveys, similar questions in the Alcohol Use Disorder and Associated Disabilities
Interview Schedule assessed DUIC and DUIA. Ever-MML states enactedMML between 1991–1992 and 2012–2013 (over-
all period). Early-MML states enactedMML between 1991–1992 and 2001–2002 (early period). Late-MML states enacted
MML between 2001–2002 and 2012–2013 (late period). MML effects on change in DUIC and DUIA prevalence were
estimated using a difference-in-differences specification to compare changes in MML and other states. Findings From
1991–1992 to 2012–2013, DUIC prevalence nearly doubled (from 1.02% to 1.92%), increasing more in states that
enacted MML than other states (difference-in-differences [DiD] = 0.59%; 95% CI = 0.06%–1.12%). Most change in DUIC
prevalence occurred between 2001–2002 and 2012–2013. DUIC prevalence increased more in states that enacted MML
2001–2002 to 2012–2013 than in never-MML states (DiD = 0.77%; 95% CI = �0.05%-1.59%), and in two early-MML
states, California (DiD = 0.82; 95% CI = 0.06–1.59) and Colorado (DiD = 1.32; 95% CI = 0.11–2.53). In contrast, DUIA
prevalence appeared unrelated toMML enactment. Conclusions Medical marijuana law enactment in US states appears
to have been associated with increased prevalence of driving under the influence of cannabis, but not alcohol.
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INTRODUCTION

Attitudes and laws regarding marijuana have changed
substantially in recent years. From 2002 to 2017, the
adult prevalence of past-yearmarijuana use increased from
10.4% to 15.3% [1, 2], whereas the prevalence of adults
perceiving great risk of harm from smoking marijuana
once or twice a week decreased from 50.4% to 31.4% [1,
2]. Since first legalized by California in 1996, marijuana
is now legal for medical purposes in 33 states [3]. State le-
galization of marijuana for medical use (MML) is associated
with increases in adult non-medical cannabis use [4–6]

and cannabis use disorder [4, 5]. Such increases in MML
states raise concerns about increases in additional conse-
quences (e.g. driving under the influence of cannabis).

The effect of MML on driving safety is an important
public health issue. Motor vehicle crashes are a leading
cause of U.S. injury-related mortality, with 29% of these
deaths attributable to alcohol-impaired driving [7]. Al-
though the prevalence of alcohol detected in fatally injured
U.S. drivers has remained stable, the prevalence of detected
cannabis has tripled, from 4.2% of fatally injured
drivers in 1999 to 12.2% in 2010 [8]. Further, the preva-
lence of weekend nighttime drivers testing positive for
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tetrahydrocannabinol (THC) increased from 8.6% in 1999
to 12.6% in 2013–2014 [9]. Despite evidence that canna-
bis impairs driver reaction time, spatial perceptions, and
decision-making [10–13], cannabis users [14–17] and
non-users [18] perceive driving under the influence of can-
nabis (DUIC) to be without risk, or less risky than driving
under the influence of alcohol (DUIA). Given that cannabis
policy liberalization is likely to further increase the avail-
ability of medical cannabis, researchers and policymakers
have raised concerns about MML effects on DUIC rates
[19–22].

Knowledge about MML and driving safety is limited.
Using data on fatal car crashes from the Fatality Analysis
Reporting System (FARS), three studies of MML effects on
overall rates of traffic fatalities found ~10% decreases in
overall traffic fatalities [23–25]. State-specific results re-
vealed that only Western states experienced post-MML re-
ductions in traffic fatalities, with post-MML increases
observed in Eastern states [23]. However,<0.5% of crashes
result in fatality [26]. Self-reported DUIC or DUIA poten-
tially taps a much broader domain of driving safety. To
our knowledge, no study has investigated change in DUIC
following MML, and knowledge is limited regarding MML
effects on alcohol-related outcomes, including DUIA.
How policies targeting marijuana affect consumption and
behaviors associated with alcohol is critical to formulating
policies that limit unintended consequences. In a previous
study of MML effect on cannabis- and alcohol-related out-
comes, MML enactment was followed by an 11.0% de-
crease in fatalities involving drivers with alcohol
detectable [24] and post-MML decrease in adult binge
drinking was suggested [24]. However, adult binge drink-
ing increased after MML enactment in a different study
[5], leaving MML effects on alcohol-related outcomes un-
clear. No national study has examinedMML effects on both
cannabis- and alcohol-related driving outcomes.

In addition, to our knowledge, no study has examined
differences in driving behaviors before and after MML using
adult national data predating all MML, differentiating be-
tween earlier and more recent periods, or separately exam-
ined particular states. Although federal law has prohibited
cannabis for medical or other use since 1971, federal en-
forcement efforts in states enacting an MML changed over
time. During the 1990s and early 2000s, federal enforce-
ment was common (e.g. seizures of medical marijuana fa-
cility assets) [27–30]. Then, with a 2009 Department of
Justice (DOJ) memo instructing U.S. attorneys not to focus
federal resources on medical marijuana patients and pro-
grams whose actions were compliant with state laws
[31], federal enforcement scaled back, and medical mari-
juana dispensaries were documented to proliferate in two
early-MML states, California (MML enacted in 1996) [32]
and Colorado (MML enacted in 2000) [33]. These changes
indicate the need to examine MML effects across different

time periods, and to examine California and Colorado sep-
arately during years encompassing the effects of the DOJ
changes.

We therefore examined MML, DUIC and DUIA in the
only national data known to us that include the
pre-MML period. This consisted of three cross-sectional
adult surveys: National Longitudinal Alcohol Epidemiolog-
ical Survey (NLAES; 1991–1992) [34, 35], National Epide-
miologic Survey on Alcohol and Related Conditions
(NESARC; 2001–2002), [36–38] and National Epidemio-
logic Survey on Alcohol and Related Conditions-III
(NESARC-III; 2012–2013) [39, 40]. During the time be-
tween NLAES and NESARC-III, the national policy envi-
ronment around MML changed dramatically, with no
American living in MML states in 1991–1992 to more
than one-third (34.3%) in MML states in 2012 [4]. Our
main question was the relationship of MML to DUIC. How-
ever, given the substantial impact of alcohol-impaired driv-
ing on population health [24], we also explored the
relationship of MML to DUIA. We examined these ques-
tions across all years (1991–1992 to 2012–2013), and
stratified into an earlier period (1991–1992 to 2001–
2002) and a later period (2001–2002 to 2012–2013) to
examine differences over time in MML effects on DUIC
and DUIA. Finally, given previous findings that MML effects
on non-medical cannabis use differed in California com-
pared to other states during the earlier period [4] and that
MML effects on non-medical use differed in Colorado and
California during the later period consistent with DOJ pol-
icy changes [4], we examined California and Colorado sep-
arately when examining the earlier and later periods.

METHODS

Study design and participants

The 1991–1992 NLAES [34, 35], 2001–2002 NESARC
[36–38], and 2012–2013NESARC-III [39, 40] are nation-
ally representative samples of American adults. Similar
methods were used across the three surveys, including a
multi-stage sampling design, inclusion of adults ≥18 years
in households and group quarters, sampling weights to ad-
just for selection probabilities and non-response, and
interviewer-administered measures. All surveys used simi-
lar assessment procedures, allowing examination of trends
over time in multiple studies [4, 41–46]. Additional details
about interview procedures and sample demographic char-
acteristics are provided elsewhere [40–43, 47]. Overall re-
sponse rates were 60% to 84% [34, 38, 40], similar to
contemporaneous response rates in other national surveys
[48, 49].

In NLAES and NESARC, primary sampling units (PSUs)
were randomly selected from all 50 states, while in
NESARC-III, random selection of PSUs resulted in inclusion
of 39 states. The eleven states in which PSUs were not
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selected in NESARC-III were excluded from the main ana-
lytical dataset (Supporting information, Table S1),
resulting in total analytic sample of 118497 participants:
41 764 from NLAES, 41 184 from NESARC, and 35549
from NESARC-III.

Measures

The Alcohol Use Disorder and Associated Disabilities Inter-
view Schedule (AUDADIS), a fully structured diagnostic in-
terview for use by professional non-clinician interviewers
was the assessment instrument. Questions about DUIC
and DUIA were similar in the three surveys, with respon-
dents in each survey asked if they repeatedly drove a car,
motorcycle, truck, boat, or other vehicle while under the
influence of cannabis or alcohol, respectively.

Because NLAES only asked about DUIC and DUIA
among participants who reported using cannabis or alco-
hol ≥12 times, we limited NESARC and NESARC-III partic-
ipants to those who used cannabis or alcohol ≥12 times. To
provide a consistent timeframe, we analyzed DUIC and
DUIA in the past 12months. To test robustness of findings,
we conducted the following sensitivity analyses: (i) adding
participants from all states included in each survey for both
outcomes; (ii) adding originally excluded NESARC and
NESARC-III participants who used cannabis 1–11 times
to the DUIC outcome models and those who used alcohol
1–11 times to the DUIA outcome models; and (iii) investi-
gating a four-level combined DUIC and DUIAmeasure: nei-
ther DUIC nor DUIA in the prior 12 months, DUIC-only,
DUIA-only, and DUIC+DUIA.

State-level medical marijuana law variables

Year of MML enactment was determined by a team of legal
scholars, policy analysts and economists after reviewing
state policies [50, 51]. Three variables were then created.
One indicated participants in states enactingMML between
1991 and 2012 (ever-MML states) versus others (never-
MML states). A second indicated participants in
early-MML states excluding California, in California, and
in non-early–MML states (i.e. never-MML and late-MML
states). A third variable indicated participants in
early-MML states except California and Colorado,
late-MML states, never-MML states by 2012, California
and Colorado.

Individual and state-level control covariates

Covariates included sex, age, education, race/ethnicity,
marital status, urbanicity, and poverty. Following prior
MML work [40, 52–54], U.S. Census data were used to de-
fine four state-level covariates: percent male; percent
white; percent<30 years old; and percent ≥25 years with-
out a high school diploma.

Statistical analyses

The analysis plan for this study was not pre-registered, and
the findings should be considered exploratory. Using a
difference-in-difference (DiD) approach [55, 56], we exam-
inedwhether change in state prevalence of DUIC and DUIA
differed among survey participants by state MML status. By
assuming that trends in non-MML states reflect what
would have happened in MML states if they had not
enactedMML, DiD estimate the causal effect of MML status
on the predicted prevalence of DUIC and DUIA in states or
groups of states compared to other groups of states [57]. To
display the statistical uncertainty of theMML effect, we cal-
culated 95% CI for the DiD comparisons of rates of change.
When interpreting the results, the DiD estimate gives the
highest probability value of the MML effect, whereas the
95% CI provide the range of values reasonably compatible
with the data.

All models included state fixed effects, individual- and
state-covariates, survey (NLAES, NESARC, NESARC-III),
MML indicators, and survey × MML interaction terms.
Multivariable logistic regression models (SAS-callable
SUDAAN 11.0.1 Proc RLOGIST) using sample weights
generated weighted predicted marginal prevalence esti-
mates (back-transformed from marginal log-odds) and
standard errors of outcomes in each survey within each
MML state group. A first set of contrasts estimated
between-survey change in predicted prevalence within
MML strata. In a second set of contrasts, the DiD tests de-
termined if these between-survey changes differed by
MML strata. The code for the DiDmodels used to calculated
predicted marginal prevalence estimates is provided in the
Supporting information online material.

Separate models tested MML effects during the overall
period (model 1), the earlier period (model 2), and the later
period (model 3). In model 1, the effects of MMLwere eval-
uated by testing for differential changes between ever-MML
states versus never-MML states. In model 2, the effects of
early-MML were evaluated by testing for differential
changes in early-MML states excluding California, and in
California versus remaining states (i.e., late-MML and
non-MML states, which served as the reference group). In
model 3, we tested for differential changes between
never-MML states (the reference group), late-MML states,
the two early-MML states affected by DOJ changes (Califor-
nia, Colorado), and the remaining early-MML states.

RESULTS

Table 1 presents the predicted prevalence of past-year DUIC
and DUIA, by survey. Between 1991–1992 and 2001–
2002, the predicted prevalence of DUIC changed little,
whereas the predicted prevalence of DUIA decreased. In
contrast, in 2012–2013, the predicted prevalence of both
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DUIC and DUIA increased (Supporting information,
Figures S1 and S2).
Model 1: Overall period
Between 1991–1992 and 2012–2013, the predicted prev-
alence of both DUIC and DUIA increased in both the never-
and the ever-MML states (Table 2). DiD results showed that
DUIC increased in ever-MML states 0.59% more than in
never-MML states (95% CI = 0.06%, 1.12%). In contrast,
DiD results indicated that changes in DUIA were similar
in ever- versus never-MML states.
Model 2: Early period 1991–1992 to 2001–2002
Between 1991–1992 and 2001–2002, the predicted prev-
alence of DUIC remained relatively stable in the non-early

MML states and in early-MML states excluding California
and declined slightly in California (Supporting information,
Table S2). DiD results showed that the predicted prevalence
of DUIA declined and did so similarly across states regard-
less of MML status.
Model 3: Late period 2001–2002 to 2012–2013
Between 2001–2002 to 2012–2013, the predicted preva-
lence of DUIC increased by the following percentage points:
0.79% in the never-MML states; 0.30% in early-MML
states except California and Colorado; 1.56% in late-MML
states; 1.61% in California; and 2.11% in Colorado
(Supporting information, Table S3). DiD results showed
that DUIC increased 0.77% more (95% CI = �0.05%,

Table 1 Predicted prevalence of driving under the influence of cannabis or alcohol by survey

Driving
under the
influence

% (SE) % difference (95% CI)

1991–1992
(NLAES)
n = 41 764

2001–2002
(NESARC)
n = 41184

2012–2013
(NESARC-III)
n = 35549

1991–1992 vs.
2012–2013

1991–1992 vs.
2001–2002

2001–2002 vs.
2012–2013

Cannabis 1.02 (0.14) 1.06 (0.06) 1.92 (0.18) 0.90 (0.31, 1.49) 0.04 (�0.23, 0.31) 0.86 (0.47, 1.25)
Alcohol 3.72 (0.31) 2.76 (0.12) 3.93 (0.26) 0.20 (�0.84, 1.23) �0.96 (�1.62,�0.30) 1.16 (0.61, 1.71)

NLAES = National Longitudinal Alcohol Epidemiologic Survey; NESARC = National Epidemiologic Survey on Alcohol and Related Conditions; SE = standard
error; CI = confidence interval.

Table 2 Difference in predicted prevalence of driving under the influence of cannabis or alcohol, 1991–1992 to 2012–2013: never-
versus ever-MML states (model 1)

Outcome

Prevalenceb (SE)

Never-MML statesa (24 states) Ever-MML statesa (15 states)

No MML before 2012 Passed MML 1991–2012

Driving under the influence of cannabis
1991–1992 1.02 (0.16) 1.02 (0.14)
2012–2013 1.72 (0.18) 2.31 (0.28)

Difference in prevalence 0.70 (0.11, 1.29) 1.29 (0.55, 2.03)
DiD (ever- vs. never-MML states)
95% CI – (reference) 0.59 (0.06, 1.12)
P value – 0.03

Driving under the influence of alcohol
1991–1992 4.00 (0.39) 3.22 (0.26)
2012–2013 4.09 (0.28) 3.62 (0.33)

Difference in prevalence 0.09 (�1.07, 1.25) 0.40 (�0.58, 1.38)
DiD (ever- vs. never-MML states)
95% CI – (reference) 0.31 (�0.45, 1.07)
P value – 0.43

SE = standard error; DiD = difference in difference; MML = medical marijuana law; CI = confidence intervals. aEver MML states (1996–2012): Arizona,
California, Colorado, Connecticut, Maine, Maryland, Massachusetts, Michigan, Montana, Nevada, New Jersey, New Mexico, Vermont, Oregon,
Washington. bPrevalence based on participants in the 39 states included in all three surveys. States omitted: Alaska, Delaware, Hawaii, Idaho, Nebraska,
New Hampshire, North Dakota, Rhode Island, South Dakota, West Virginia and Wyoming. Prevalence back-transformed from marginal log-odds estimated
from logistic regression interaction models (MML × survey) that included individual covariates (sex; age; education; race/ethnicity; marital status; urbanicity;
poverty) and state covariates (% male; white; <30 years old; ≥25 years without a high school diploma). Predicted prevalence estimated by a model with a
dichotomous MML variable (ever-MML states versus never-MML states). cNever-MML states (1996–2012): Alabama, Arkansas, Florida, Georgia, Illinois,
Indiana, Iowa, Kansas, Kentucky, Louisiana, Minnesota, Mississippi, Missouri, New York, North Carolina, Ohio, Oklahoma, Pennsylvania, South Carolina,
Tennessee, Texas, Utah, Virginia, Wisconsin.
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1.59%) in late-MML states, 0.82%more (95% CI = 0.06%,
1.58%) in California, and 1.32% more (95% CI = 0.10%,
2.54%) in Colorado compared to the increase in the
never-MML states.

Between 2001–2002 to 2012–2013, the predicted
prevalence of DUIA also increased. However, DiD results
showed that the predicted prevalence of DUIA changed
similarly in never-MML states, all early-MML states (except
California and Colorado), all late-MML states, California,
and Colorado (Supporting information, Table S3).

Sensitivity analyses

Sensitivity analyses did not yield meaningful changes in re-
sults, indicating robustness of themainmodels (Supporting
information, Tables S4–S9). By adding participants from all
states included in each survey, the magnitude of the esti-
mated relationship betweenMMLs and DUIC and DUIA de-
creased slightly, but not meaningfully (Supporting
information, Tables S4–S6). When including the 1–11
time lifetime cannabis users in the DUIC late-period model,
the DiD estimate was largely unchanged (Supporting
information, Tables S7–S9). Categorizing participants into
the four-level outcome (neither DUIC nor DUIA, DUIC-only,
DUIA-only, DUIC+DUIA; Supporting information,
Tables S11–S13), results presented in Table 1 and
Supporting information, Tables S3 and S4 remained largely
unchanged, although DiD estimates for DUIC-only and
DUIC+DUIA were slightly attenuated compared to the
primary DUIC estimates.

DISCUSSION

In three cross-sectional nationally representative surveys
spanning 20 years, we examined changes in the predicted
prevalence of driving under the influence of cannabis
(DUIC) and under the influence of alcohol (DUIA) by state
MML status. Over the entire period from 1991–1992 to
2012–2013, predicted prevalence of DUIC increased
across all states, with greater increases in states that
enacted MML than in other states. In contrast, although
DUIA also increased between 2001–2001 and 2012–
2013, changes in DUIA prevalence were similar in states
that enacted MML and in other states, suggesting that
MML effects on the prevalence of driving under the influ-
ence were cannabis-specific.

Although MML states exhibited greater increases in
DUIC than other states over the entire period, MML was
not uniformly associated with increased DUIC across all
time periods and states. During the earlier period (1991–
1992 to 2001–2002), the prevalence of DUIC in the five
early-MML states (excluding California) changed little,
while in California, DUIC prevalence decreased. In 1991–
1992, even before California became the first state to

legalize cannabis for medical purposes in 1996, California
had a sharply higher prevalence of DUIC than in the other
early-MML states and the non-early MML states.
California’s high prevalence of DUIC in 1991–1992 was
a bellwether for future changes. By 2001–2002, the prev-
alence of DUIC in the five early-MML states (excluding Cal-
ifornia) had escalated to the levels observed in California a
decade earlier, and never-MML states reached similar levels
of DUIC by 2012–2013. However, California’s uncharac-
teristic reduction in DUIC during the earlier period was un-
matched in other states and requires future research. One
potential explanation is that a set of laws targeting DUIA
during this period had spillover effects on DUIC. During
the late-1980s and early-1990s, California passed a series
of laws, both reducing the threshold for (0.10% to
0.08%) and increasing DUIA penalties [58–60], previously
found to deter DUIA and reduced all types of accidents in
the state [60]. These laws targeting DUIA may have sig-
naled to drivers a reduced toleration of impaired driving
due to any substance, resulting in an overall reduction in
driving under the influence, including DUIC.

During the later period (2001–2002 to 2012–2013),
nearly twice as many Americans reported DUIC as during
the earlier period, with marginally greater increases in
DUIC among late-MML states than non-MML states. The
increased DUIC in the nine late-MML states is consistent
with increase in cannabis use and cannabis use disorder
in the US during the later period, particularly in MML
states [2, 4, 61], strengthening our inferences that MML
contributed to increased DUIC during this period. Two
early-MML states, California and Colorado, experienced
substantial increases in DUIC prevalence during the later
period. The greater increases in DUIC prevalence in Califor-
nia and Colorado may be linked to 2009 policy changes
and subsequent dispensary proliferation in these states,
particularly because similar increases in DUIC did not oc-
cur in California during the early period that preceded
these shifts. The 2009Ogdenmemo coincidedwith nation-
wide increases in both positive public attitudes toward can-
nabis legalization [62], and with increases in cannabis
dispensaries in someMML states. The increased availability
of medical cannabis through dispensaries has been found
to be positively related to cannabis use [25] and high fre-
quency use [63]. Additional research is needed on MML
and DUIC during the later period, how the Ogden memo
and other major policy changes relate to DUIC non-MML
states, and whether medical cannabis dispensaries mediate
this relationship in MML states.

The increase in DUIC during the late period are
concerning and could represent the emergence of a serious
public health problem. To our knowledge, this is the first
study to indicate a nationwide increase in DUIC after
2000, consistent with other national trends in cannabis
use during this time period [1, 2, 4]. For example, although

Medical marijuana and driving under the influence 5

© 2020 Society for the Study of Addiction Addiction



the National Roadside Survey on Alcohol and Drug use
found the prevalence of weekend nighttime drivers testing
positive for THC, based on the combined oral fluid and/or
blood tests, increased from 8.6% in 2007 to 12.6% in
2013–2014 [9], THC blood concentrations do not directly
correlate with recent use, intoxication, or driving impair-
ment because THC can be detected in the blood even after
7 days of abstinence [64, 65]. Given that THC concentra-
tions in oral and blood tests remain detectible long after ex-
posure, the rise in the prevalence of weekend nighttime
drivers testing positive for THC is indicative of overall in-
creases in cannabis use, rather than direct estimates of
DUIC prevalence. However, our results suggest that the
prevalence of DUIC is related to the increasing prevalence
of cannabis use at a given time and place. Because further
cannabis policy liberalization is likely to further increase
the availability of medical and recreational cannabis, social
and behavioral interventions are needed to prevent DUIC
in people who use cannabis.

Our findings did not support the premise that MML af-
fect the likelihood of DUIA. Thus, increases in DUIC associ-
ated with MML appear linked to population-level changes
in cannabis use across states and over time [4], while
changes in DUIA are likely to result from factors other than
MMLs (e.g. changing adult drinking norms or changes in
alcohol-specific policies). Nonetheless, research has docu-
mented that policies targeting one substance can affect
consumption of other substances [5, 66–71], suggesting
a need for further research into the extent towhich individ-
uals exchange the use of alcohol and cannabis, and the
circumstances in which this occurs.

Study limitations are noted. First, background differ-
ences between MML and non-MML states (e.g. cannabis
use) might confound the causal effect of MML on DUIC
and DUIA. The strength of our statistical approach, how-
ever, is that, in addition to adjusting for many important
individual- and state-level factors, the difference-in-
differences model adjusts for unobserved time-stable fac-
tors that might confound the causal effect of MML on DUIC
and DUIA [55, 56]. Despite this, time-varying factors, un-
observed or not explicitly adjusted for in the model, may
still confound the effect estimates presented. Second, DUI
measures were self-reported, and perceived stigma may
cause underreporting. However, we found no evidence of
differential nonresponse to the DUI measures by MML sta-
tus (Supporting information, Table S14). Third, partici-
pants from 11 states were not included in all three
surveys (NLAES, NESARC, NESARC-III) and therefore were
excluded from the main analysis. However, results were es-
sentially unchanged in supplementary analyses that in-
cluded participants from the omitted states (Supporting
information, Tables S4–S6). Fourth, although there is no
direct test of the parallel-paths assumption [56, 72], an in-
direct check of the parallel paths assumption was

conducted by comparing the slopes of DUIC in MML states
with non-MML states in the pre-MML years. The pre-MML
parallel-path assumption was supported by the absence of
significant increases in late-MML states and Colorado com-
pared to change in DUIC in non-MML states (Supporting
information, Table S15). This reduces concerns that the
parallel paths assumption was violated. Finally, our data
do not extend past 2012–2013. Other U.S. national sur-
veys did not begin covering DUIC specifically until 2016
[73]. In 2017, the estimated prevalence of DUIC in those
age ≥16 years was 4.6% [73, 74], notably higher than
our 2012–2013 estimate of 1.92% (Table 1), suggesting
that increases are continuing, and underscoring the need
for further study of trends when sufficient data become
available. The relationship of MML to DUIC in states that
more recently enacted MML remains unknown and war-
rants investigation. Additionally, since 2012, 13 states
passed MML, and 11 MML states and Washington D.C.
enacted recreational marijuana laws (RML). Relative to
MML, RML may lead to greater health consequences, in-
cluding DUIC. In 2009–2016 U.S. traffic fatality data, an
additional one traffic fatality per million residents followed
RML enactment compared to non-RML states, withmodest
reduction in the months thereafter [75]. However, only the
first three RML states were analyzed [75]. Moreover, two
studies suggest RML in Washington state has been associ-
ated with increases in DUIC, with one study finding a
nearly 40% increases in the prevalence of THC in suspected
impaired driving cases [76] and one study finding a dou-
bling in the daytime prevalence of THC-positive drivers im-
mediately before RML (7.8%) and 1 year after
implementation (18.9%) [77]. When more data become
available, research should address the relationship of RML
to DUIC and DUIA, and morbidity and mortality associated
with those behaviors.

CONCLUSIONS

Using the only U.S. national data available that includes
the pre-MML period, our study addressed the relationship
of MML to DUIC and DUIA. Our results suggest that MMLs
were specifically associated with increased prevalence of
driving under the influence of cannabis, but not under
the influence of alcohol. Despite previous studies finding
thatMML are associatedwith reductions in traffic fatalities,
we failed to find evidence that these reductions arose from
changes in either DUIC or DUIA, which are much broader
indicators of driving safety. Future studies that consider
changes in ecological and individual-level factors are
needed to better understand the relationship of MML to
traffic fatalities and non-fatal injuries. However, the
cannabis-specific findings on MML and driving indicate
an immediate need to take the findings seriously and pro-
vide them to state policymakers tasked with designing
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and implementing state marijuana programs. Moreover,
the nationwide increases in DUIC during the late period
should be a stimulus to designing and improving interven-
tions to reduce the risk of cannabis-impaired driving, re-
gardless of MML status. Additional studies are needed to
identify characteristics of people most likely to drive under
the influence of cannabis in general, and the effects of
MML and RML on driving behaviors. Given the rapid
changes in state policies regarding cannabis, this work is
urgently needed.

Declarations of interest

None.

Acknowledgements

Support is acknowledged from National Institute on Drug
Abuse grants [R01DA048860 (D.S.H.)], T32DA031099
(D.S.F.; Principle Investigator D.S.H.), National Institute
on Mental Health grant T32MH017119 (A.S.) and by
the New York State Psychiatric Institute (D.S.H.).

References

1. Center for Behavioral Health Statistics and Quality. (2018).
2017 National Survey on Drug Use and Health: Detailed
Tables, Substance Abuse and Mental Health Services Admin-
istration: Rockville, MD, Table 1.33b.

2. Compton W. M., Han B., Jones C. M., Blanco C., Hughes A.
Marijuana use and use disorders in adults in the USA,
2002-14: analysis of annual cross-sectional surveys. Lancet
Psychiatry 2016; 3: 954–64.

3. National Conference of State Legislatures. State Medical
Marijuana Laws 2019.

4. Hasin D. S., Sarvet A. L., Cerdá M., Keyes K. M., Galea S., Wall
M. M. US adult illicit cannabis use, cannabis use disorder, and
medical marijuana laws: 1991-1992 to 2012-2013. JAMA
Psychiat 2017; 74: 579–88.

5. Wen H., Hockenberry J. M., Cummings J. R. The effect of
medical marijuana laws on adolescent and adult use of mari-
juana, alcohol, and other substances. J Health Econ 2015; 42:
64–80.

6. Martins S. S., Mauro C. M., Santaella-Tenorio J., Kim J. H.,
Cerda M., Keyes K. M. et al. State-level medical marijuana
laws, marijuana use and perceived availability of marijuana
among the general U.S. population. Drug Alcohol Depend
2016; 169: 26–32.

7. Mokdad A. H., Ballestros K., Echko M., Glenn S., Olsen H. E.,
Mullany E. et al. The state of US health, 1990-2016: burden
of diseases, injuries, and risk factors among US states. JAMA;
2018: 1444–72.

8. Brady J. E., Li G. Trends in alcohol and other drugs detected in
fatally injured drivers in the United States, 1999–2010. Am J
Epidemiol 2014; 179: 692–9.

9. Berning A., Compton R., Wochinger K. Results of the 2013–
2014National Roadside Survey of alcohol and drug use by drivers.
Washington, DC: National Highway Traffic Safety Adminis-
tration; 2015.

10. Hartman R. L., Brown T. L., Milavetz G., Spurgin A., Pierce
R. A., Gorelick D. A. et al. Cannabis effects on driving lateral

control with and without alcohol. Drug Alcohol Depend
2015; 1: 25–37.

11. Bosker W. M., Kuypers K. P., Theunissen E. L., Surinx A.,
Blankespoor R. J., Skopp G. et al. Medicinal Δ9-
tetrahydrocannabinol (dronabinol) impairs on-the-road driv-
ing performance of occasional and heavy cannabis users but
is not detected in standard field sobriety tests. Addiction
2012; 107: 1837–44.

12. Kurzthaler I., Hummer M., Miller C., Sperner-Unterweger B.,
Gunther V., Wechdorn H. et al. Effect of cannabis use on cog-
nitive functions and driving ability. J Clin Psychiatry 1999; 60:
395–9.

13. Menetrey A., Augsburger M., Favrat B., Pin M. A., Rothuizen
L. E., Appenzeller M. et al. Assessment of driving capability
through the use of clinical and psychomotor tests in relation
to blood cannabinoids levels following oral administration of
20 mg dronabinol or of a cannabis decoction made with 20
or 60 mg Delta9-THC. J Anal Toxicol 2005; 29: 327–38.

14. Davis K. C., Allen J., Duke J., Nonnemaker J., Bradfield B.,
Farrelly M. C. et al. Correlates of marijuana drugged
driving and openness to driving while high: evidence
from Colorado and Washington. PLoS One 2016; 11:
e0146853.

15. Kelly E., Darke S., Ross J. A review of drug use and driving:
epidemiology, impairment, risk factors and risk perceptions.
Drug Alcohol Rev 2004; 23: 319–44.

16. Terry P., Wright K. A. Self-reported driving behaviour and
attitudes towards driving under the influence of cannabis
among three different user groups in England. Addict Behav
2005; 30: 619–26.

17. Cavazos-Rehg P. A., Krauss M. J., Sowles S. J., Zewdie K.,
Bierut L. Operating a motor vehicle after marijuana use:
perspectives from people who use high-potency marijuana.
Subst Abus 2018; 39: 21–6.

18. Greene K. M. Perceptions of driving after marijuana use com-
pared to alcohol use among rural American young adults.
Drug Alcohol Rev 2018; 37: 637–44.

19. Anderson D. M., Rees D. I. The legalization of recreational
marijuana: how likely is the worst-case scenario. J Policy Anal
Manage 2014; 33: 221–32.

20. Wong K., Brady J. E., Li G. Establishing legal limits for driving
under the influence of marijuana. Injury Epidemiology 2014;
1: 26.

21. Kilmer B. Recreational cannabis - minimizing the health risks
from legalization. N Engl J Med 2017; 376: 705–7.

22. Turnbull D., Hodge J. G. Driving under the influence of
marijuana Laws and the Public’s health: public health and
the law. J Law Med Ethics 2017; 45: 280–3.

23. Santaella-Tenorio J., Mauro C.M.,WallM.M., Kim J. H., Cerda
M., Keyes K. M. et al. US traffic fatalities, 1985-2014, and
their relationship to medical marijuana Laws. Am J Public
Health; 2017: 336–42.

24. Anderson D. M., Hansen B., Rees D. I. Medical marijuana
laws, traffic fatalities, and alcohol consumption. J Law Econ
2013; 56: 333–69.

25. Pacula R. L., Powell D., Heaton P., Sevigny E. L. Assessing the
effects of medical marijuana laws on marijuana and alcohol
use: The devil is in the details: National Bureau of Economic
Research; 2013.

26. FARS FARS Traffic Safety Facts Annual Report Tables. National
Highway Traffic Safety: Washington, D.C; 2018.

27. Heddleston T. A tale of three cities: medical marijuana,
activism, and local regulation in California. Humboldt J Soc
Relat 2013; 35: 123–43.

Medical marijuana and driving under the influence 7

© 2020 Society for the Study of Addiction Addiction



28. Mikos R. A. On the limits of supremacy: medical marijuana
and the States’ overlooked power to legalize Federal Crime.
Vand Law Rev 2009; 62: 1419.

29. Dyer O. The growth of medical marijuana. BMJ 2013; 347:
f4755.

30. Furlow B. States and US government spar over medical mari-
juana. Lancet Oncol 2012; 13: 450.

31. Ogden D. W. In: (US) D. O. J, editor. Memorandum for selected
United State attorneys on investigations and prosecutions in states
authorizing the medical use of marijuana. Washington, D.C.:
United States Department of Justice; 2009.

32. Freisthler B., Kepple N. J., Sims R., Martin S. E. Evaluating
medical marijuana dispensary policies: spatial methods for
the study of environmentally-based interventions. Am J Com-
munity Psychol 2013; 51: 278–88.

33. Association R. M. H. I. D. T. The legalization of marijuana in
Colorado: The impact, 2015: 1.

34. Grant B. F., Harford T. C., Dawson D. A., Chou P., Dufour M.,
Pickering R. P. Prevalence of DSM-IV alcohol abuse and de-
pendence: United States, 1992. Alcohol Health Res World
1994; 18: 243–9.

35. Hasin D. S., Grant B. F. Major depression in 6050 former
drinkers: association with past alcohol dependence. Arch Gen
Psychiatry 2002; 59: 794–800.

36. Grant B. F., Moore T., Kaplan K. Source and Accuracy Statement:
Wave 1 National Epidemiologic Survey on Alcohol and Related
Conditions (NESARC). National Institute on Alcohol Abuse
and Alcoholism: Bethesda, MD; 2003.

37. Grant B. F., Stinson F. S., Dawson D. A., Chou S. P., Dufour
M. C., ComptonW. et al. Prevalence and co-occurrence of sub-
stance use disorders and independent mood and anxiety
disorders: results from the National Epidemiologic Survey on
alcohol and related conditions. Arch Gen Psychiatry 2004; 61:
807–16.

38. Grant B. F., Stinson F. S., Dawson D. A., Chou S. P., RuanW. J.,
Pickering R. P. Co-occurrence of 12-month alcohol and drug
use disorders and personality disorders in the United States:
results from the National Epidemiologic Survey on alcohol
and related conditions. Arch Gen Psychiatry 2004; 61:
361–8.

39. Grant B. F., Chu A., Sigman R., Kali J., Sugawana Y., Jiao R.
et al. Source and Accuracy Statement: National Epidemiologic
Survey on Alcohol and Related Conditions-III (NESARC-III). Na-
tional Institute on Alcohol Abuse and Alcoholism: Rockville,
MD; 2014.

40. Grant B. F., Goldstein R. B., Saha T. D., Chou S. P., Jung J.,
Zhang H. et al. Epidemiology of DSM-5 alcohol use disorder:
results from the National Epidemiologic Survey on alcohol
and related conditions III. JAMA Psychiat 2015; 72: 757–66.

41. Hasin D. S., Saha T. D., Kerridge B. T., Goldstein R. B., Chou S.
P., ZhangH. et al. Prevalence ofmarijuana use disorders in the
United States between 2001-2002 and 2012-2013. JAMA
Psychiat 2015; 72: 1235–42.

42. ComptonW.M., Grant B. F., Colliver J. D., GlantzM. D., Stinson
F. S. Prevalence of marijuana use disorders in the United
States: 1991-1992 and 2001-2002. JAMA 2004; 291:
2114–21.

43. Grant B. F., Dawson D. A., Stinson F. S., Chou S. P., Dufour M.
C., Pickering R. P. The 12-month prevalence and trends in
DSM-IV alcohol abuse and dependence: United States,
1991-1992 and 2001-2002. Drug Alcohol Depend 2004; 74:
223–34.

44. Martins S. S., Sarvet A., Santaella-Tenorio J., Saha T., Grant
B. F., Hasin D. S. Changes in US Lifetime Heroin Use and

Heroin Use Disorder: Prevalence From the 2001–2002 to
2012-2013National Epidemiologic Surveyon alcohol and re-
lated conditions. JAMA Psychiat; 2017: 445–55.

45. Grant B. F., Chou S. P., Saha T. D., Pickering R. P., Kerridge
B. T., Ruan W. J. et al. Prevalence of 12-month alcohol use,
high-risk drinking, and DSM-IV alcohol use disorder in the
United States, 2001–2002 to 2012-2013: results from the
National Epidemiologic Survey on alcohol and related condi-
tions. JAMA Psychiat; 2017: 911–23.

46. Olfson M., Blanco C., Wall M., Liu S. M., Saha T. D., Pickering
R. P. et al. National Trends in suicide attempts among adults in
the United States. JAMA Psychiat 2017; 74: 1095–103.

47. Martins S. S., Keyes K. M., Storr C. L., Zhu H., Grucza R. A.
Birth-cohort trends in lifetime and past-year prescription
opioid-use disorder resulting from nonmedical use: results
from two national surveys. J Stud Alcohol Drugs 2010; 71:
480.

48. Centers for Disease Control and Prevention National Health
and Nutrition Examination Survey: Analytic Guidelines, 2011-
2012, Vol. 2013. Atlanta, GA: Centers for Disease Control
and Prevention.

49. Substance Abuse and Mental Health Service Administration
Results from the 2013 National Survey on Drug Use and Health:
Summary of National Findings. Rockville, MD: Substance
Abuse and mental Health Services Administration; 2014.

50. Pacula R. L., Hunt P., Boustead A. Words can be deceiving: a
review of variation among legally effective medical marijuana
Laws in the United States. J Drug Policy Anal 2014; 7: 1–19.

51. Hasin D. S., Wall M., Keyes K. M., Cerda M., Schulenberg J.,
O’Malley P. M. et al. Medical marijuana laws and adolescent
marijuana use in the USA from 1991 to 2014: results from
annual, repeated cross-sectional surveys. Lancet Psychiatry
2015; 2: 601–8.

52. Cerdá M., Wall M., Keyes K. M., Galea S., Hasin D. Medical
marijuana laws in 50 states: investigating the relationship be-
tween state legalization of medical marijuana and marijuana
use, abuse and dependence. Drug Alcohol Depend 2012; 120:
22–7.

53. Cerda M., Wall M., Feng T., Keyes K. M., Sarvet A.,
Schulenberg J. et al. Association of State Recreational
Marijuana Lawswith adolescentmarijuanause. JAMAPediatr
2017; 171: 142–9.

54. Keyes K.M.,WallM., CerdaM., Schulenberg J., O’Malley P. M.,
Galea S. et al. How does state marijuana policy affect US
youth? Medical marijuana laws, marijuana use and perceived
harmfulness: 1991-2014. Addiction 2016; 111: 2187–95.

55. Angrist J. D., Pischke J. S. Mostly harmless econometrics: An
empiricists’s companion. Princeton, NJ: Princeton University
Press; 2008.

56. Imbens G. W., Wooldridge J. Recent developments in the
econometrics of program evaluation. J Econ Lit 2009; 47:
5–86.

57. Kleinman L. C., Norton E. C. What’s the risk? A simple ap-
proach for estimating adjusted risk measures from nonlinear
models including logistic regression. Health Serv Res 2009;
44: 288–302.

58. Helander C. J. The California DUI countermeasure system: An
evaluation of system processing and deficiencies: Volume 5 of an
evaluation of the California drunk driving countermeasure system.
California Department of Motor Vehicles: Sacramento, CA;
1986.

59. Rogers P. N., Shoenig S. E. A time series evaluation of
California’s 1982 driving-under-the-influence legislative re-
forms. Accid Anal Prev 1994; 26: 63–78.

8 David S. Fink et al.

© 2020 Society for the Study of Addiction Addiction



60. Rogers P. N. The general deterrent impact of California’s 0.08%
blood alcohol concentration limit and administrative per se license
suspension laws. California Department of Motor Vehicles:
Sacramento, CA; 1995.

61. Azofeifa A., Mattson M. E., Schauer G., McAfee T., Grant A.,
Lyerla R. National Estimates of marijuana use and related in-
dicators - National Survey on drug use and health, United
States, 2002-2014.MMWR Surveill Summ 2016; 65: 1–28.

62. Cambron C., Guttmannova K., Fleming C. B. State and na-
tional contexts in evaluating cannabis laws: a case study of
Washington state. J Drug Issues 2017; 47: 74–90.

63. Freisthler B., Gruenewald P. J. Examining the relationship be-
tween the physical availability of medical marijuana and
marijuana use across fifty California cities. Drug Alcohol
Depend 2014; 143: 244–50.

64. Karschner E. L., Schwilke E. W., Lowe R. H., Darwin W. D.,
Herning R. I., Cadet J. L. et al. Implications of plasma
Delta9-tetrahydrocannabinol, 11-hydroxy-THC, and 11-nor-
9-carboxy-THC concentrations in chronic cannabis smokers.
J Anal Toxicol 2009; 33: 469–77.

65. Mura P., Kintz P., Dumestre V., Raul S., Hauet T. THC can be
detected in brain while absent in blood. J Anal Toxicol 2005;
29: 842–3.

66. Chaloupka F. J., Laixuthai A. Do youths substitute alcohol and
marijuana? Some econometric evidence. Eastern Econ J 1997;
23: 253–76.

67. Williams J., Mahmoudi P. Economic relationship between
alcohol and cannabis revisited. The Econ Record 2004; 80:
36–48.

68. Clements K. W., Daryal M. Exogenous shocks and related
goods: drinking and legalisation of marijuana. Econ Lett
2005; 89: 101–6.

69. Hursh S. R., Galuska C. M., Winger G., Woods J. H. The eco-
nomics of drug abuse: a quantitative assessment of drug
demand. Mol Interv 2005; 5: 20–8.

70. Alter R. J., Lohrmann D. K., Greene R. Substitution of mari-
juana for alcohol: the role of perceived access and harm.
J Drug Educ 2006; 36: 335–55.

71. Crost B., Guerrero S. The effect of alcohol availability on mar-
ijuana use: evidence fromthe minimumlegal drinking age.
J Health Econ 2012; 31: 112–21.

72. Angrist J. D., Jorn-Steffen P. Mostly harmless econometrics: An
empiricist’s companion. Princeton, NJ: Princeton University
Press; 2008.

73. Center for Behavioral Health Statistics and Quality. Substance
Abuse and Mental Health Services Administration
(SAMHSA), Results from the 2016 National Survey on Drug
Use and Health: Detailed Tables. U.S. Department of Health
and Human Services; 2016.

74. Center for Behavioral Health Statistics and Quality 2016
National Survey on Drug Use and Health: Detailed Tables. Rock-
ville, MD: Substance Abuse and Mental Health Services
Administration; 2017.

75. Lane T. J., Hall W. Traffic fatalities within US states that have
legalized recreational cannabis sales and their neighbours.
Addiction 2019; 114: 847–56.

76. Couper F. J., Peterson B. L. The prevalence of marijuana in
suspected impaired driving cases in Washington state. J Anal
Toxicol 2014; 38: 569–74.

77. Ramirez A., Berning A., Carr K., Scherer M., Lacey J. H.,
Kelley-Baker T., Fisher DA. Marijuana, other drugs, and
alcohol use by drivers in Washington State: United States.
National Highway Traffic Safety Administration. Washing-
ton, D.C.: Office of Behavioral Safety Research; 2016.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the
article.

Table S1 Years that medical marijuana laws (MML) were
enacted for the 50 US states up to 2012 and how partici-
pants in these states were coded in Models 1–3.
Table S2 Differences in predicted prevalence of driving un-
der the influence of cannabis or alcohol, 1991–1992 to
2001–2002a: non-early and early-MML states (model 2)d.
Table S3 Differences in predicted prevalence of driving un-
der the influence of cannabis or alcohol, 2001–2002 to
2012–2013a: never-MML, early-MML, and late-MML
states (model 3).
Table S4 Sensitivity analysis: difference in predicted preva-
lence of driving under the influence of marijuana or alco-
hol, with participants in the 11 states not common to the
3 surveys included, 1991–1992 to 2012–2013: never-
versus ever-MML states (model 1).
Table S5 Sensitivity analysis: differences in predicted prev-
alence of driving under the influence of marijuana or alco-
hol, with participants in the 11 states not common to the 3
surveys included, 1991–1992 to 2001–2002a: non-early
and early-MML states (model 2)d.
Table S6 Sensitivity analysis: differences in predicted prev-
alence of driving under the influence of marijuana or alco-
hol, with participants in the 11 states not common to the 3
surveys included, 2001–2002 to 2012–2013a: never-
MML, early-MML, and late-MML states (model 3).
Table S7 Difference in predicted prevalence of driving un-
der the influence ofmarijuana or alcohol, with participants
who only reported using cannabis and alcohol 1–11 times
included, 1991–1992 to 2012–2013: never- versus
ever-MML states (model 1).
Table S8 Differences in predicted prevalence of driving un-
der the influence ofmarijuana or alcohol, with participants
who only reported using cannabis and alcohol 1–11 times
included 1991–1992 to 2001–2002a: non-early and
early-MML states (model 2).
Table S9 Differences in predicted prevalence of driving un-
der the influence ofmarijuana or alcohol, with participants
who only reported using cannabis and alcohol 1–11 times
included, 2001–2002 to 2012–2013a: never-MML, early-
MML, and late-MML states (model 3).
Table S10 Predicted prevalence of driving under the influ-
ence of cannabis only, alcohol only, or both by survey.
Table S11 Sensitivity analysis: difference in predicted prev-
alence of driving under the influence of marijuana and/or
alcohol, using multinomial logistic regression with a four
category outcome variable: neither DUI-C nor DUIA, DUIC
only, DUIA only, both DUIC and DUIA, 1991–1992 to
2012–2013: never- versus ever-MML states (model 1).
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