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Medical cannabis has been touted as a solution to the US opi-
oid overdose crisis since Bachhuber et al. [M. A. Bachhuber,
B. Saloner, C. O. Cunningham, C. L. Barry, JAMA Intern. Med. 174,
1668–1673] found that from 1999 to 2010 states with medical
cannabis laws experienced slower increases in opioid analgesic
overdose mortality. That research received substantial attention
in the scientific literature and popular press and served as a talk-
ing point for the cannabis industry and its advocates, despite
caveats from the authors and others to exercise caution when
using ecological correlations to draw causal, individual-level con-
clusions. In this study, we used the same methods to extend
Bachhuber et al.’s analysis through 2017. Not only did findings
from the original analysis not hold over the longer period, but
the association between state medical cannabis laws and opi-
oid overdose mortality reversed direction from −21% to +23%
and remained positive after accounting for recreational cannabis
laws. We also uncovered no evidence that either broader (recre-
ational) or more restrictive (low-tetrahydrocannabinol) cannabis
laws were associated with changes in opioid overdose mortal-
ity. We find it unlikely that medical cannabis—used by about
2.5% of the US population—has exerted large conflicting effects
on opioid overdose mortality. A more plausible interpretation
is that this association is spurious. Moreover, if such rela-
tionships do exist, they cannot be rigorously discerned with
aggregate data. Research into therapeutic potential of cannabis
should continue, but the claim that enacting medical cannabis
laws will reduce opioid overdose death should be met with
skepticism.
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A 2014 study by Bachhuber et al. (1) created a sensation by
showing that state medical cannabis laws were associated

with lower-than-expected opioid overdose mortality rates from
1999 to 2010. Cited by more than 350 scientific articles to date,
the study attracted national and international media attention
and was hailed by many activists and industry representatives as
proof that expanding medical cannabis would reverse the opi-
oid epidemic (1). Despite the authors’ cautions about drawing
firm conclusions from ecological correlations, and similar warn-
ings from other scientists (2), many such conclusions were drawn,
to the point where medical cannabis has now been approved by
several states as a treatment for opioid use disorder (3, 4). Sub-
sequently published papers also found that cannabis access and
indices of opioid-related harm were negatively correlated in the
aggregate, with some attributing this less to medical cannabis
laws per se than to increased access to any form of cannabis
(including recreational) (5–7).

Given mounting deaths from opioid overdose, replicating
the Bachhuber et al. (1) finding is a worthy task, especially
in light of the changing policy landscape. Between 2010 and
2017, 32 states enacted medical cannabis laws, including 17 that
allowed only medical cannabis with low levels of the psychoactive
tetrahydrocannabinol (THC) and high levels of the nonpsychoac-
tive component cannabidiol. Eight states enacted recreational
cannabis laws during this period. Opioid overdose deaths have

also increased dramatically over that time period (8). Using the
same methods as Bachhuber et al. (1), we revisited the ques-
tion with seven more years of data. To investigate how newer
cannabis laws may be associated with changes in the association
between cannabis laws and opioid overdose mortality, we also
created a model with additional terms to account for presence
of a recreational cannabis law or a low-THC restriction. Because
none of the states with low-THC laws operate medical dispen-
saries and many limit access to a small number of indications, the
levels of access can be approximated as highest for recreational,
then “comprehensive” medical with dispensaries, and lowest for
states with low-THC only. If broader access to cannabis writ
large, rather than medical cannabis specifically, is the latent fac-
tor associated with lower opioid overdose mortality, we would
expect to see the most negative association in states with recre-
ational laws and the least negative association (or even positive)
association in states with low-THC-only laws.

Results
For the original 1999–2010 time period, we obtained estimates
similar to Bachhuber et al. (1), with slight differences likely
due to missing values for 30 state/year combinations. Whereas
Bachhuber et al. (1) estimated a 24.8% reduction in deaths
per 100,000 population associated with a medical cannabis law’s
introduction, we estimated a statistically indistinguishable 21.1%
decrease. As in the original model, none of the four time-varying
covariates (annual state unemployment rate and presence of
the following: prescription drug monitoring program, pain man-
agement clinic oversight laws, and law requiring or allowing
pharmacists to request patient identification) were significantly
associated with opioid overdose mortality (Table 1). Using the
full 1999–2017 dataset, we found that the sign reversed for medi-
cal cannabis laws, such that states passing a medical cannabis law
experienced a 22.7% increase, 95% CI (2.0, 47.6) in overdose
deaths. As an additional robustness test, we estimated models
including state-specific linear time trends as well as state and
year fixed effects. As with the analysis reported above, the sign
of the effect of medical cannabis law switched from negative
to positive once the data were extended to 2017; however, the
magnitude was diminished and in neither specification was the
estimate statistically significant.

The direction of the association between medical cannabis
laws and opioid overdose mortality was sensitive to the study’s
endpoint (Fig. 1). For end dates between 2008 and 2012, the
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Table 1. Age-adjusted opioid overdose death rate per 100,000 population

Independent variables Bachhuber et al. (1999–2010) Replication (1999–2010) Extension (1999–2017) Expanded model (1999–2017)

Medical cannabis law −24.8 (−37.5 to −9.5) −21.1 (−35.7, −3.0) 22.7 (2.0, 47.6) N/A
Prescription drug
monitoring program 3.7 (−12.7 to 23.3) −2.8 (−16.7, 13.3) −2.7 (−15.9, 12.5) −4.0 (−17.1, 11.1)
Law requiring or allowing
pharmacists to request patient
identification 5.0 (−10.4 to 23.1) 2.8 (−12.6, 20.9) 11.8 (−7.7, 35.5) 8.8 (−10.2, 31.9)
Increased state oversight of
pain management clinics −7.6 (−19.1 to 5.6) −6.9 (−18.4, 6.2) 9.0 (−15.6, 40.8) 13.7 (−11.2, 45.5)
Annual state unemployment rate 4.4 (−0.3 to 9.3) 4.4 (−0.3, 9.3) 1.4 (−2.7, 5.5) 0.7 (−3.1, 4.6)
Types of cannabis laws

Recreational and medical
cannabis law N/A N/A N/A −14.7 (−43.6, 29.0)

Medical cannabis only N/A N/A N/A 28.2 (1.2, 62.4)
Low-THC–only medical

cannabis law N/A N/A N/A −7.1 (−29.1, 21.7)

All models also included year and state fixed effects. N/A denotes not applicable because variable was not included in model.

association was negative as reported in Bachhuber et al. (1). Sub-
sequently, the association became statistically indistinguishable
from zero before turning positive in 2017.

In the expanded model with indicators for different types of
cannabis laws, having a comprehensive medical cannabis law
was associated with a 28.2%, 95% CI (1.2, 62.4) higher opi-
oid overdose mortality, while estimates for other laws were
nonsignificant. The association between having a recreational
cannabis law and opioid overdose mortality was −14.7%, 95%
CI (−43.6, 29.0). Having a low-THC-only medical cannabis law
was associated with −7.1%, 95% CI (−29.1, 21.7) lower opioid
overdose mortality. For both of these laws, the wide CIs include
strong positive, strong negative, and null associations, indicating
compatibility with a large range of true associations.

Discussion
We replicated Bachhuber et al.’s (1) finding of a negative asso-
ciation between medical marijuana and opioid overdose deaths
from 1999 to 2010. However, the association did not hold when
more extensive data through 2017 were analyzed. Had the anal-
ysis’ endpoint been between 2008 and 2012, the results would
have been comparable to those obtained by Bachhuber et al. (1).
However, the association became equivocal in 2013; by 2017 it
had reversed such that a study conducted in that year might lead
some to conclude that medical cannabis laws were compounding
opioid overdose mortality.

The mechanism theorized to describe a causal relationship
between medical cannabis laws and opioid overdose mortality
rests on several premises: (i) Cannabis is more available in states
with medical cannabis laws; (ii) people in these states substitute
cannabis for opioids, whether for pain management, intoxica-
tion, or both; and (iii) this substitution occurs on a large enough
scale to impact the population-level overdose mortality esti-
mates. Under this model, states with highly restrictive medical
cannabis laws limited to low-THC products would be expected to
have a weaker association than states with comprehensive med-
ical cannabis, while states with recreational cannabis would be
expected to have a stronger association. Our results do not sup-
port this, as after adjusting for more and less restrictive types of
cannabis law (recreational and medical or low-THC only), states
with comprehensive medical cannabis laws still had a positive
association with opioid overdose mortality.

The Bachhuber et al. (1) study is one of several that find
the rate of cannabis access and some index of opioid-related
harm are negatively correlated in the aggregate (1, 5–7). Pol-
icy that expands access to cannabis based on these findings
assumes that (i) the same negative relationship is present at

the individual level and (ii) the relationship is causal. The first
conclusion is frequently incorrect across many research fields
owing to the ecological fallacy (9). Ecological correlations can-
not establish individual-level relationships and indeed may run
in the directly opposite direction (e.g., higher rates of smoking
in French regions with lower rates of esophageal cancer should
not be interpreted as evidence of a protective effect of smok-
ing) (10). In this case, compelling evidence exists that violates
the first assumption: A study of a nationally representative sam-
ple of individuals shows that use of medical cannabis is positively
correlated both with use and misuse of prescription pain relievers
(11). This positive correlation does not at all prove that medical
cannabis causes individuals to use opioids because correlation of
nonexperimentally gathered data does not establish causation,
a general principle that all parties to the current debate should
bear in mind.

When multiple studies using similar methods generate a par-
ticular result, and for the first time one of those studies fails to
replicate with more extensive data, there are multiple ways to
explain the discrepancy. It could be that by bad luck the only
one of those studies whose initial findings would not stand up
to reanalysis with more recent data happened to be the one
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Fig. 1. Changes in point estimate and 95% CI of association between
medical cannabis law and age-adjusted opioid overdose death rate by the
last year included in the analysis since 1999. Fixed (year and state) and
time-varying effects (prescription drug monitoring program, state unem-
ployment, pain management clinic oversight laws, and prescription drug
identification laws) were also adjusted for.
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that was reexamined and every other similar study in that area
would survive such an analysis (even though, as in this case,
they explicitly build on the nonreplicated finding). However, we
think a nonreplication should at least raise the possibility in
the minds of scientists that the similar findings of other, sim-
ilar studies in this area might also not replicate with a longer
time series.

We are more cautious than others have been in drawing causal
conclusions from ecological correlations and conclude that the
observed association between these two phenomena is likely spu-
rious rather than a reflection of medical cannabis saving lives
10 y ago and killing people today. Medical cannabis users are
about 2.5% of the population, making it unlikely that they
can significantly alter population-wide indices (12). Unmeasured
variables likely explain both associations (e.g., state incarcera-
tion rates and practices, naloxone availability, and the extent of
insurance and services) (2).

Our expanded analysis does not support the interpretation
that broader access to cannabis is associated with lower opioid
overdose mortality. The CIs for both recreational cannabis laws
and low-THC laws are wide due to the comparatively small num-
ber of state/year combinations with these laws. Importantly, the
CIs are compatible with a strong positive or strong negative cor-
relation, as well as no correlation. Future estimates may be more
precise (i.e., have narrower CIs) as data accumulate over time,
and we caution scientists who conduct these analyses to note
that, at present, states with recreational cannabis laws (Alaska,
California, Colorado, Massachusetts, Maine, Oregon, Washing-
ton, Vermont, and the District of Columbia) form a group that
is qualitatively different from the rest of the United States on a
number of metrics that may confound estimates.

The nonrobustness of the earlier findings also highlights the
challenges of controlling scientific messages in controversial pol-

icy areas. Corporate actors (e.g., the medical cannabis industry)
with deep pockets have substantial ability to promote congenial
results, and suffering people are desperate for effective solutions.
Cannabinoids have demonstrated therapeutic benefits (13), but
reducing population-level opioid overdose mortality does not
appear to be among them.

Materials and Methods
Opioid analgesic overdose deaths were extracted from Centers for Dis-
ease Control and Prevention’s Wide-ranging Online Data for Epidemiologic
Research (CDC WONDER) and independent variables were obtained from
the sources cited in the original paper and are included in the associated
dataset for ref. 1. For rates with 95% CIs in CDC WONDER but no point
estimate (those with 10 to 20 deaths in a state and year) we smoothed the
data by averaging the confidence limits. Medical cannabis laws were coded
as 0 for years preimplementation and 1 for years postimplementation. As
applicable, we included a fraction for the year the law went into effect
(e.g., 0.5 for a law implemented on July 1). A generalized linear model with
robust standard errors was specified with year and state as fixed effects.
We reviewed the legal literature to assess the effects of potential inaccura-
cies in the original sources (14); coefficient of the independent variable was
insensitive to these differences. We ran the main model with end years from
2002 to 2017 and plotted the adjusted association. To assess the association
between new cannabis laws implemented since 2010, we specified a model
that included indicator variables for three kinds of cannabis laws: (i) pres-
ence of a recreational cannabis law and medical cannabis law, (ii) medical
cannabis only with no restriction on THC content, and (iii) medical cannabis
but only low-THC. Data are available in Dataset S1.
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