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BACKGROUND: The presence of contaminants in cannabis presents a potential health hazard to recreational users and susceptible patients with medical
conditions. Because of the federally illegal status of cannabis, there are no unified regulatory guidelines mitigating the public health risk of cannabis
contaminants.

OBJECTIVE: To inform further research and provide solutions to the public health risk of cannabis contaminants at a national level, we examined the current
landscape of state-level contaminant regulations, and cannabis contaminants of concern, as well as patient populations susceptible to contaminants.

METHODS: We examined the regulatory documents for medical and recreational cannabis in all legalized U.S. jurisdictions and compiled a complete
list of regulated contaminants, namely, pesticides, inorganics, solvents, microbes, and mycotoxins. We data mined the compliance testing records of
5,654 cured flower and 3,760 extract samples that accounted for ~ 6% of California’s legal cannabis production in 2020-2021. We also reviewed the
publicly available medical cannabis use reports to tabulate the susceptible patient populations.

RESULTS: As of 18 May 2022, 36 states and the District of Columbia listed a total of 679 cannabis contaminants as regulated in medical or recrea-
tional cannabis, including 551 pesticides, 74 solvents, 12 inorganics, 21 microbes, 5 mycotoxins, and 16 other contaminants. Different jurisdictions
showed significant variations in regulated contaminants and action levels ranging up to four orders of magnitude. A failure rate of 2.3% was identified
for flowers and 9.2% for extracts in the California samples. Insecticides and fungicides were the most prevalent categories of detected contaminants,
with boscalid and chlorpyrifos being the most common. The contaminant concentrations fell below the regulatory action levels in many legalized
jurisdictions, indicating a higher risk of contaminant exposure. Cannabis use reports indicated usage in several patient populations susceptible to con-
tamination toxicity, including cancer (44,318) and seizure (21,195) patients.

Discussion: Although individual jurisdictions can implement their policies and regulations for legalized cannabis, this study demonstrates the urgent
need to mitigate the public health risk of cannabis contamination by introducing national-level guidelines based on conventional risk assessment

methodologies and knowledge of patients’ susceptibility in medical use. https://doi.org/10.1289/EHP11206

Introduction

The broader use and state-level legalization of cannabis have
gained significant public interest and support in recent years.
Approximately half of all U.S. adults have reported that they have
used cannabis at least once in their lives, with nearly 55 million
reporting using cannabis within the past year." In 2017, the U.S.
legal cannabis market was valued at $10 billion USD." It is pro-
jected to be worth $50 billion USD in 2026." In addition to the eco-
nomic benefits, cannabis legalization has been proposed to reduce
the racial disparity in drug arrests.? Further, there is a cultural tran-
sition in the public perception and acceptance of using cannabis as
a self-administered therapeutic.4 Some patients are now consider-
ing medical cannabis as a substitute for prescription drugs.’ With
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the change in government policy regarding cannabis use, the public
perceptions of the impact of cannabis on health has become more
favorable, especially on mental health.® Because of these factors
and changes in public opinion, the federal legalization of cannabis
is now being considered by the U.S. Congress.”

Although public interest focuses mainly on the socioeco-
nomic impact and medical benefits of legalized cannabis,*® little
attention has been paid to its implications in chemical exposure
and consumer safety. Like other agricultural commodities, canna-
bis is prone to contamination by pesticides, metals, microbes, and
mycotoxins.g_14 In addition, solvent residues are an increasing
concern for cannabis extracts.'>'® The presence of these contami-
nants presents a potential health hazard not only to regular canna-
bis users and the general public but also to people with specific
health conditions that make them susceptible to harmful contami-
nants.' %7 Immunocompromised patients with cancer and the
human immunodeficiency virus (HIV),'® women of reproductive
age,'” and patients with seizures and epilepsy”” are among those
who are more susceptible to the health hazards of pesticide and
microbial contaminants.”!

At the federal level, cannabis is still listed as an illegal
Schedule I substance.** This limits the efforts of several federal
agencies in assessing and mitigating the public health risk of can-
nabis contamination in the United States. Currently, cannabis is
neither federally regulated as an agricultural, food, nor pharma-
ceutical commodity. The U.S. Environmental Protection Agency
(U.S. EPA) has registered only 59 biopesticides and 1 conven-
tional pesticide for hemp, but no pesticides for cannabis.”® The
U.S. Department of Agriculture (USDA) does not monitor the
pesticide residue levels in cannabis—which is federally illegal to
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grow—as it does in other agricultural commodities.>* In addition,
because medical cannabis is not approved by the U.S. Food and
Drug Administration (FDA) as a drug, there is no federal require-
ment for its safety compliance.22 As a result, individual jurisdic-
tions in the United States where cannabis has been legalized must
implement their policies and regulations for cannabis contami-
nants.?® This is similar to the state and local policies concerning
facemask and vaccination mandates to prevent the spread of
COVID-19,%® where inconsistent policies on a jurisdiction-by-
jurisdiction basis have resulted in poor public health outcomes in
certain jurisdictions.”’

This study aims to examine the current landscape of state-level
contaminant regulations for cannabis. It consists of three aspects:
a) reviewing the regulations, b) examining contaminant load in
cannabis samples, and ¢) reviewing the publicly available medical
cannabis use reports in legalized jurisdictions. First, we compared
the action levels and contaminant coverage of regulations in differ-
ent legalized jurisdictions. Second, we data mined the compliance
testing records of cannabis produced in California—the largest
legal cannabis market in the United States—and examined the con-
taminated cannabis outbreaks and recalls across the United States
reported in media outlets in the same period. We then compared
the range of detected contaminants and the range of action levels in
jurisdictions and visualized the disparity across the United States.
Last, we characterized the patient populations affected by contami-
nants in medical cannabis.

Methods

Reviewing State-Level Regulations of Cannabis
Contaminants

We first searched for the regulatory documents of cannabis con-
taminants in the government (.gov) websites of the 50 U.S. states
and Washington, DC (i.e., 51 jurisdictions in total). We excluded
the jurisdictions that a) legalized to only decriminalize cannabis
or b) only allowed the use of cannabidiol (CBD) oil in our analy-
ses, focusing only on those where at least one state cabinet-level
agency was given a legalized mandate to regulate cannabis con-
taminants. We used a set of primary search terms—including the
name of the jurisdictions and “cannabis” and “testing”—to iden-
tify a short list of relevant documents. We then applied secondary
search terms—including “pesticide,” “metal,” “solvent,” “micro-
bial,” “mycotoxin,” and “action level”—to locate the information
for data extraction. The document collection began on 6 February
2021 and ended on 18 May 2022. This allowed us to compile a
complete list of regulated contaminants in drug-type Cannabis
sativa L. in all legalized jurisdictions in the United States.

Given that different jurisdictions listed some contaminants
under different nomenclature, we identified the contaminants
based on the Distributed Structure-Searchable Toxicity substance
identifiers (DSSTox substance IDs, or DTXSIDs) using the U.S.
EPA CompTox Chemicals Dashboard (https://comptox.epa.gov/
dashboard).® If a contaminant was not identified as a single
chemical and had no DTXSID, we would create a numbered non-
DTXSID tag as a unique contaminant identifier. The category,
subcategory, registration status (for pesticides), and chemical
class of each contaminant were curated according to a) the cate-
gorization by the state-level regulatory agencies; b) the U.S. EPA
CompTox Chemicals Dashboard,*® including the “List of active
ingredients (updated June 25th, 2019)” and “List of solvents in
the PARIS III solvent database”; and c¢) the Compendium of
Pesticide Common Names.”” A Sankey diagram categorizing all
contaminants was created with the Plotly package (version
4.9.4.1; Plotly) in R Studio (version 1.4.1717; RStudio). We also
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extracted the action levels of regulated contaminants (if provided)
in the regulatory documents.

Examining Contaminant Load in California Cannabis
Samples

According to a market research estimate,*” California is currently
the largest cannabis market in the United States. As mandated by
the Medicinal and Adult-Use Cannabis Regulation and Safety
Act,31 all cannabis and cannabis products in the legal market of
California are required to be tested for 68 pesticides, 4 inor-
ganics, 20 solvents, 6 microbes, and 5 mycotoxins. The cannabis
manufacturers must submit their products—including cannabis
flowers and cannabis products, such as edibles, concentrates, and
other consumables—to a state-licensed cannabis testing labora-
tory. All products must be certified for compliance testing before
they can be sold legally. Products that fail the state’s regulatory
levels in the compliance testing are subject to recalls. As a case
study investigating the scale of cannabis contamination, we
mined preexisting anonymized analytical data of 5,654 cured
cannabis flower samples and 3,760 concentrate samples (includ-
ing oil extracts and vape cartridges) from CannaSafe, a state-
licensed cannabis testing laboratory in the Los Angeles area.
The samples were submitted by ~ 300 cannabis producers and
manufacturers in various regions in California for compliance
testing between June 2020 and October 2021. Based on our ex-
perience as commercial cannabis testing laboratories in California,
as well as the statistics reported by the California Department of
Cannabis Control,32 we estimated that this data set represented
~ 6% of all cannabis testing conducted in California in that period.

The data set examined in the present research was generated
by the cannabis testing laboratory using state-certified analytical
methodologies for pesticides, inorganics, solvents, mycotoxins,
and microbes. Briefly, the laboratory methodologies were the fol-
lowing for the different classes of contaminants. For pesticides
and mycotoxins, 1 g of sample homogenate, either flower or con-
centrate, was added to a centrifuge tube and 15 mL of acidified
(1% acetic acid) acetonitrile [high-performance liquid chromatog-
raphy (HPLC) grade] enriched with the internal standard of tri-
phenylphosphate. The samples were shaken vigorously for 5 min.
The acetonitrile extract was passed through a C18 dispersive
solid-phase extraction cartridge. The resulting extract was split
for analysis by LC—tandem mass spectrometry (LC-MS-MS) and
gas chromatography with MS-MS (GC-MS-MS). LC-MS-MS
was the preferred methodology, but GC-MS-MS was used for
analytes not amenable to LC techniques. The solvent extract
was filtered (0.2-pm polytetrafluoroethylene filter) and analyzed
directly by LC-MS-MS (Agilent LCMS/MS model Ultivo 9000).
The analytical column had a length of 50 mm and the stationary
phase consisted of 3-um particles with a phenyl hexyl coating.
The solvent program started at 20% methanol (1% formic, 5 mM
ammonium formate), and the methanol fraction increased to 90%
over 8 min. Detection of the analytes was conducted by MS-MS
methods that employed multiple reaction monitoring to select a
diagnostic fragment of the molecule and further break it into sec-
ondary fragments. This resulted in a more selective and sensitive
analysis than single-stage MS. Data analyses were performed
using Agilent MassHunter Data Analysis software. The extract
destined for GC-MS-MS (Agilent GCMS/MS model Intuvo
7000) analysis was further diluted 1:1 with a 50:50 mixture of ac-
etone and hexane. The sample injection used a splitless injection
port at 280°C. The analytical column was an Agilent SMS col-
umn (30-m length, 0.25-mm internal diameter, and 0.25-pm film
thickness). The oven program had an initial temperature of 60°C,
which was held for 1 min. Next, the temperature was increased
at a rate of 40°C/min to 170°C, and then the rate was slowed to
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10°C/min to 310°C. The final temperature was held for 2 min.
Similar to the LC analysis, the analyte detection in the GC analy-
sis was conducted with MS-MS methods.

Elemental analyses were performed by inductively coupled
plasma MS (ICP-MS, Agilent ICPMS model 7700). In this case,
0.5 g of sample was digested in a mixture of 1 mL water fol-
lowed by 5 mL concentrated nitric acid using a Milestone
ultraWAVE ECR microwave digestion system. Solvent analyses,
which were conducted only on cannabis extract samples, were
performed using the headspace full-evaporation technique using
an Agilent GC model Intuvo 9000 equipped with a mass selective
detector model 5977B and a headspace sampler model 7697A.
Briefly, 250 mg of the homogenized cannabis concentrate was
placed in a headspace vial and heated to 120°C. After this heating
period, ~0.5 pL. of vapor was removed from the vial and
injected onto the GC-MS that was equipped with an Agilent
DB-WAX UI 30 mx0.25 mm, 0.25-um (p/n 122-7032UI) col-
umn. The temperature program started at 30°C and was held for
3 min. The temperature then increased at a rate of 10°C/min to
140°C and further increased at a rate of 45°C/min to 200°C,
which was held for 1 min. Analytes were detected by single-stage
MS. The detection limit of an analyte is below the action level
and at a maximum of 0.1 ppm for analytes with zero tolerance in
California regulations. Microbial analyses were done using
Medicinal Genomics microbial safety molecular assay testing
kits [SenSATIVAx and PathoSEEK; all quantitative polymerase
chain reaction (qPCR) based]. The assays were conducted
following the manufacturer’s instructions. A Bio-Rad CFX96
Thermocycler were used for all PCR along with the manufacturer
preinstalled analysis software (Bio-Rad CFX Manager Industrial
Diagnostic, edition 3.0).

To visualize the action level disparity of cannabis contami-
nants across the United States, we first obtained the action levels
for all detected contaminants in the above data set from the avail-
able regulatory documents of all legalized cannabis jurisdictions.
Next, we compared the concentration range of each detected
contaminant alongside the range of action levels in all legalized
jurisdictions using a range plot. In addition, we calculated the per-
centage of the contaminated samples that would have passed the
required testing in all jurisdictions. Zero percentage indicates that
all contaminated samples would have failed the action levels set
for the detected contaminants in the jurisdiction. A percentage of
100 indicates that a) no contaminated samples would have failed
the action level in the jurisdiction or b) there was no action level
set for the detected contaminants. The passing percentages were
visualized using a choropleth map of the United States using
the Choroplethr package (version 3.7.0) in R Studio (version
2022.02.3; RStudio) running R (version 4.2.0; R Development
Core Team). In addition, we used Google News, Newsbank, and
Access World News to search for the news reports of contaminated
cannabis outbreaks and recalls between 1 June 2020 and 31
October 2021. Our search terms included “cannabis recall contam-
ination,” ‘“‘cannabis contamination,” “marijuana contamination,”
“marijuana pesticide,” “marijuana metal,” “marijuana solvent,”
and “marijuana recall.” The reported number of cannabis contami-
nation outbreaks was visualized in a separate choropleth map, as
described above.

LT3

Reviewing the Publicly Available Medical Cannabis Use
Reports

Last, we searched the medical cannabis use reports released
by state-level public health agencies from 2016 to 2021. We
used the name of the jurisdictions and “cannabis” and “report”
as our primary search terms. We reviewed the shortlisted docu-
ments and identified the medical cannabis use reports by their
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publishers, which should be mentioned in the regulatory docu-
ments of their corresponding jurisdictions. These reports typi-
cally included the age range, sex, and qualifying condition(s)
of cannabis users. Reports that did not have the qualifying
condition(s) of medical cannabis users were excluded. We tabu-
lated the known number of medical cannabis users and their
qualifying conditions based on these reported statistics to char-
acterize the patient populations affected by exposure to canna-
bis contaminants. Because the patient statistics in these reports
were not collected at the same time, it is important to note that
the tabulated statistics are not meant to capture the exact size of
patient populations in all reporting states in the past 5 y but,
rather, the comparative size of patient populations across all
qualifying conditions. The medical conditions were sorted accord-
ing to the list of diseases evaluated by the National Academies of
Sciences, Engineering, and Medicine for the therapeutic effects of
cannabis.®® The list is provided in Excel Table S3.

Results
Accessibility and Differences of State-Level Regulations

We began by surveying the contaminant regulation of drug-
type Cannabis sativa L. in 50 states and Washington, DC. As
of 18 May 2022, 36 states and Washington, DC, had legalized
medical cannabis, and 17 states and Washington, DC, had
legalized both medical and recreational cannabis (Table 1).
The medical cannabis programs were run by state-level public
health agencies in only 27 states, whereas the remaining 10
programs were run by departments of commerce, public safety,
and others. There was no apparent difference in regulatory
stringency between the medical cannabis programs that were
run by public health agencies and those that were not. All 37
jurisdictions provided cannabis regulation documents in their
websites. Twenty-three jurisdictions listed specific contami-
nants in all four categories (i.e., pesticides, inorganics, sol-
vents, and microbes/mycotoxins) in their regulations. In
comparison, 5 jurisdictions did not mention any specific con-
taminants and 1 jurisdiction provided no action levels for its
list of contaminants (Table 2). Although some jurisdictions
showed obvious similarities in their lists, because of the diffi-
culties in tracking the revisions to these regulations, the origi-
nal source of the contaminants and action levels cannot be
fully determined outside of what is explicitly cited in the regu-
lations. Many of these regulatory documents required technical
knowledge to decipher. For example, several contaminants
were listed with different names by different jurisdictions (e.g.,
“chlorthal-dimethyl” and “dimethyl tetrachloroterephthalate™).
In contrast, some were listed both as individual chemicals or as a
group (e.g., “avermectins,” “avermectin Bla,” and “avermectin

Table 1. Cannabis legalization in the 50 U.S. states and Washington, DC, as
of 18 May 2022.

Legalization status

Jurisdictions

Medical cannabis 19—Alabama, Arkansas, Connecticut, Delaware,
only Florida, Hawaii, Louisiana, Maryland, Minnesota,
Mississippi, Missouri, New Hampshire, North
Dakota, Ohio, Oklahoma, Pennsylvania, Rhode
Island,” Utah, and West Virginia

18—Alaska, Arizona, California, Colorado, Illinois,
Maine, Massachusetts, Michigan, Montana,
Nevada, New Jersey, New Mexico, New York,
Oregon, Vermont, Virginia, Washington, and
Washington, DC

Note: DC, District of Columbia.
“Rhode Island has voted to legalize recreational cannabis, but the law is not in effect as
of 18 May 2022.

Medical and recrea-
tional cannabis
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Table 2. Cannabis contaminant regulations in 37 U.S. states and
Washington, DC, as of 18 May 2022.

Jurisdictions
Contaminant regulations (n)
Regulating contaminants in all four contaminant categories 23
(i.e., pesticides, inorganics, solvents, and microbes/mycotoxins)
with action levels
Regulating contaminants in only one, two, or three categories 8
with action levels
Adopting the most stringent acceptable standard for a pesticide 44
in any food item set forth in subpart C of the U.S.
Environmental Protection Agency’s regulations for toleran-
ces and exemptions (40 CFR 180).3*
Action levels not found 6°

Note: DC, District of Columbia.

“Included in the 31 jurisdictions above.

PFive of the six jurisdictions did not mention any specific contaminants in their regula-
tory documents. One jurisdiction provided no action levels for the list of contaminants it
provided. Mississippi made a list of action levels available, but we were unable to deter-
mine if they were published before 18 May 2022 and thus were not included in analysis.
The citation of the action levels in Mississippi are provided in Supplemental Material,
“Identified Regulatory Documents, Public Health Reports, Cannabis Testing Reports,
and News Reports.”

B1b”). In addition, only 16 states provided Chemical Abstracts
Service Registry Numbers (CASRNs) in their regulatory docu-
ments as chemical identifiers. The regulatory documents, corre-
sponding agencies, and cannabis testing reports (if available)

Pesticide Contaminants
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for the 37 jurisdictions are listed in the Supplemental Material,
“Identified Regulatory Documents, Public Health Reports,
Cannabis Testing Reports, and News Reports.”

There was large variability in the number of regulated con-
taminants listed in 36 states and Washington, DC (Figure 1).
Eight jurisdictions provided action levels for only one, two, or
three categories of contaminants. Most jurisdictions regulated
<150 contaminants, whereas a few had significantly longer
lists as a result of the adopted regulations for non-cannabis
agricultural products. The variability in the number of regu-
lated pesticides, inorganics, solvents, microbes, and mycotox-
ins in the 37 jurisdictions is shown in Figure 1. The 4 states
with >400 regulated pesticides adopted the full list of U.S.
EPA tolerances and exemptions for pesticide chemical residues
in food for their cannabis regulations.34 In addition, 2 states
cited the USDA 2010-2011 Pilot Study: Pesticide Residue
Testing of Organic Produce as a source to regulate “the 195
pesticides federally prohibited for use on organic produce.”35
However, only 1 state mandated the whole list with zero toler-
ance as guidance for testing, which accounted for the one other
outlier in the pesticide category. The other 26 jurisdictions
with curated lists for contaminants averaged around 81 con-
taminants over all categories. The contaminant names, catego-
ries, uses, chemical classes, DTXSIDs, and CASRNSs are provided
in Excel Table S1.

Solvent Contaminants

25+
20+
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104
5 -
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25+
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All jurisdictions regulating
15- inorganic contaminants
listed arsenic, cadmium,
lead, and mercury.
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Figure 1. Histograms showing the number of listed cannabis contaminants regulated in each of the 36 legalized states and Washington, DC’s regulatory docu-
ments for cannabis as of 18 May 2022. The four main categories of contamination listed are presented as separate panels. Five of the states named no individ-
ual contaminants for any category. All regulatory documents are listed in Supplemental Material, “Identified Regulatory Documents, Public Health Reports,
Cannabis Testing Reports, and News Reports.” Note: EPA, Environmental Protection Agency.
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Figure 2. Sankey diagram categorizing all 679 contaminants regulated in cannabis in 31 legalized states and Washington, DC, as of 18 May 2022. The other
five legalized jurisdictions did not mention any specific contaminants in their regulatory documents. All vertical bars are scaled to the number of contaminants
in each group. Contaminants are identified with the U.S. EPA DSSTox substance ID (DTXSIDs; if available) and grouped in the leftmost column by the main
categories found in regulatory documents. The lines connecting to subsequent columns track the breakdown of the main categories into the subsequent group-
ings. Subcategories are formed based on similarities in uses for pesticides and sources for microbes and mycotoxins. The regulated contaminants are also
grouped by chemical classes, where applicable, in the rightmost column. Note: DSSTox substance ID, Distributed Structure-Searchable Toxicity substance

identifier; EPA, Environmental Protection Agency.

Shortcomings of Contaminant Regulations by Categories

We systematically examined the common contaminant categories
in the listed regulations (Supplemental Material, “Identified
Regulatory Documents, Public Health Reports, Cannabis Testing
Reports, and News Reports”), including pesticides, inorganics,
solvents, microbes, and mycotoxins. As of 18 May 2022, 31
states and Washington, DC, listed 679 cannabis contaminants in
their regulatory documents, including 551 pesticides, 74 solvents,
12 inorganics, and 26 microbes and mycotoxins, as well as 16
other contaminants (Figure 2). Pesticides were the largest cate-
gory of regulated contaminants. Insecticides represented the larg-
est subcategory (174), which was followed by herbicides (160),
fungicides (123), and miticides (i.e., acaricides; 17; Table 3). The
miticides bifenazate and etoxazole, the fungicide myclobutanil,
and the insecticide imidacloprid were regulated by the highest
number of jurisdictions (27). There was a large variation in regu-
lated pesticides and action levels in different jurisdictions, as pre-
viously reported.20 Most regulated pesticides came from the U.S.
EPA tolerance document that included not only active ingredients
but also metabolites and degradation products (406 in total, 257
listed by no other jurisdictions).’* Many pesticides in this
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document were highly unlikely to be used in cannabis cultivation
and processing, including chlorpropham (a plant hormone that
prevents potatoes from sprouting), oxytetracycline (an antibiotic),
and norflurazon (an aquatic herbicide for Hydrilla control). The
U.S. EPA tolerance document and individual jurisdictions also
listed a total of 42 legacy pesticides that were no longer regis-
tered for any agricultural use in the United States, such as
dichlorodiphenyltrichloroethane (DDT), chlordane, lindane, and
parathion. In addition, although the strictest U.S. EPA tolerance
values were adopted as action levels, most of these values were
developed for animal products, such as milk and eggs. In com-
parison with the average level of dietary consumption for these
animal products in human populations, cannabis is usually con-
sumed in much smaller quantities through inhalation. Thus,
these animal products are not appropriate surrogates for estab-
lishing action levels for cannabis.

Cannabis plants—including hemp and cannabis—can actively
sequester inorganic contaminants from the environment. Although
hemp has been extensively studied for its potential uses in environ-
mental remediation,®** inorganic contaminants in cannabis and
cannabis products are now raising public health concern.''*?
Twenty-eight jurisdictions listed inorganic contaminants—often
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Table 3. The number of cannabis contaminants regulated in 31 legalized U.S. states and Washington, DC, alongside the count of detected contaminants in the
compliance testing of 5,654 cured cannabis flowers and 3,760 cannabis extracts in California between June 2020 and May 2021.

31 U.S. states and DC

Detected in

Category (including California) California Flowers Extracts Any sample
Pesticides
Insecticides 174 42 24 24 30
Herbicides 160 1 1 1 1
Fungicides 123 15 5 9 9
Miticides 17 7 4 6 6
Legacy pesticides 42 1 1 1 1
Plant hormones/growth regulators 14 1 1 1 1
Synergists 2 1 1 1 1
Other 19 0 0 0 0
Total 551 68 37 43 49
Solvents 74 20 0 13 13
Inorganics
Metals 9 3 1 3 3
Nonmetals 3 1 1 1
Total 12 4 1 4 4
Microbes 21 6 1 0 1
Mycotoxins 5 5 0 1 1
Other 16 0 0 0 0
Total 679 103 39 61 68

Note: The other five legalized jurisdictions did not mention any specific contaminants in their regulatory documents. Contaminants listed by the 32 jurisdictions are harmonized and
counted with the Chemical Abstracts Service Registry Numbers (CASRNS; if provided) and the U.S. EPA DSSTox substance ID (DTXSIDs; if available). DC, District of Columbia;
DSSTox substance ID, Distributed Structure-Searchable Toxicity substance identifier; EPA, Environmental Protection Agency.

categorized as “metals” or “heavy metals”—in their regulatory
documents. Arsenic, cadmium, lead, and mercury were listed
by all 28 jurisdictions (Excel Table S1), with action levels rang-
ing from 0.00009 to 10 ppm (Excel Table S2). Other regulated
inorganics included chromium (listed by 6 jurisdictions), nickel
(2 jurisdictions), and copper (2 jurisdictions). Notably, several
inorganic compounds were categorized by some jurisdiction as
pesticides, such as thallium sulfate, copper arsenate, and lead arse-
nate. Although elemental concentration can be easily detected and
quantified, it does not provide information about whether the
observed elements were part of a specific pesticide formulation.
Some inorganic pesticides may dissociate and become indistin-
guishable from other regulated inorganic contaminants. Given the
large number of regulated contaminants listed by some jurisdic-
tions, this can create a definitional problem for law enforcement.
However, this issue can be solved by setting an action level for the
elemental concentration in the sample alone, which makes no
assumption about the origin of the element.

Cannabis concentrates can be contaminated with solvent residues
during the manufacturing process.16 The most common regulated
solvents were hexane (25 jurisdictions), heptane (25 jurisdictions),
butane (24 jurisdictions), toluene (24 jurisdictions), and benzene
(23 jurisdictions) (Excel Table S1). Action levels for solvents
varied widely from zero tolerance to 5,000 ppm (Excel Table S2).
This is consistent with the fact that some solvents naturally occur
in Cannabis plants (e.g., ethanol), whereas others are processing
residues that present in a lesser amount (e.g., butane). Some juris-
dictions established two different sets of action levels for inhaled
products and edibles that contained tetrahydrocannabinol (THC)
and CBD extracts. Some jurisdictions also encouraged the use of
carbon dioxide extraction, which left behind no solvent residues
and was considered safer for human consumption.44

Microbes and mycotoxins can be introduced into cannabis in
growing, processing, or storage.14 Thirty-six jurisdictions men-
tioned microbial contamination in their regulatory documents,
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but only 32 listed specific microbes and mycotoxins. The most
common regulated contaminants in this category included E. coli
and/or Shiga toxin-producing E. coli (listed by 31 jurisdictions);
Salmonella (26 jurisdictions); aflatoxin B1, B2, G1, and G2 (27
jurisdictions); and ochratoxin A (26 jurisdictions) (Excel Table
S1). Many jurisdictions also listed “total aerobic microbe” and
“total yeast and mold” as an assessment of spoilage and cannabis
quality. A small number of jurisdictions also listed some specific
human pathogens, including Candida albicans (3 jurisdictions),
Listeria monocytogenes (2 jurisdictions), and Klebsiella (1 juris-
diction) (Excel Table S1). The regulation of microbes and myco-
toxins was highly variable among different jurisdictions, which
ranged from a zero-tolerance policy in some jurisdictions to high
tolerance in others. In addition, the fungal species Fusarium spp.
and Fusarium mycotoxins were previously found in Cannabis
plants and CBD products.*>*” However, Fusarium mycotoxins—
which were prevalent contaminants in several agricultural com-

modities*®*—were not regulated by any jurisdictions.

Contaminant Load in California Cannabis Samples

We data mined the compliance testing records of 5,654 flower and
3,760 extract samples in California and identified 141 flower and
423 extract samples containing a detectable level of regulated con-
taminants. Of the contaminated samples, 132 flower and 347
extract samples failed the state’s regulatory action levels. The
flower samples contained 39 of the 103 regulated contaminants in
California and the extract samples contained 61 of the regulated
contaminants (Table 3). Overall, we calculated a total failure rate
of 5.1% for all cannabis samples, including a 2.3% failure rate for
flowers and a 9.2% failure rate for extracts. Our result was consist-
ent with the cumulative failure rate of 4.2% in all certified cannabis
analyses in California’s legal market since the inception of the
California Department of Cannabis Control (CDCC) in 2017 (i.e.,
8,476 failed samples due to contamination or other issues in a total of
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Contaminant concentration (ppm) on a log scale
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Figure 3. Range plot comparing the concentration levels of the top five most often detected contaminants of each main category of contaminants along with
their regulatory action levels in 30 states and Washington, DC. Action levels were not found in the other six legalized jurisdictions. The concentration levels
are based on 141 flower and 423 extract samples that had detected contamination in the compliance testing of 5,654 cured cannabis flowers and 3,760 cannabis
extracts in California between June 2020 and May 2021. The chemical analysis is conducted with methodologies in compliance with the California state regula-
tions. Only four inorganics are analyzed in these samples. No arsenic, lead, or mercury was detected in the flower samples. In addition, solvents were not tested

in the flower samples. Data are provided in Excel Table S2.

204,163 tested samples).32 The failure rates are also consistent with
the reported rates from other legal markets in the United States,
including Colorado® and Oregon™ (see Supplemental Material,
“Identified Regulatory Documents, Public Health Reports, Cannabis
Testing Reports, and News Reports™).

Insecticides and fungicides were the most prevalent con-
taminant categories in cannabis flowers (Figure 3). Insecticide
contamination accounted for more than half of the contaminated
samples (77), followed by fungicides (40 samples), miticides
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(18 samples), and herbicides (3 samples) (Excel Sheet S2). The
insecticide chlorpyrifos was detected in the highest number of
samples (19), followed by the fungicide myclobutanil (16 samples),
boscalid (11 samples), and the miticide spiromesifen (10 samples).
The prevalence of several organophosphate insecticides, including
chlorpyrifos, malathion, and dichlorvos, as well as the fungicide
myclobutanil, was consistent with the findings in two earlier studies
of 389 and 100 cannabis flower samples in Oregon,’'? although
the synergist piperonyl butoxide was detected in this study at a
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Figure 4. Choropleth map showing the percentage of contaminated samples, both flowers and extracts, passing the listed action levels, as of 30 June 2021, in
each jurisdiction. States are shaded based on the percentages of the combined 141 flower and 423 extract samples contaminated in a 2020-2021 survey in
California. Zero percentage indicated that all contaminated samples would have failed the action levels set for the detected contaminants in the jurisdiction. A
percentage of 100 indicated that @) no contaminated samples would have failed the action level in the jurisdiction or b) there was no action level set for the
detected contaminants. The passing percentages were visualized using a choropleth map of the United States. Jurisdictions with no legal cannabis or no listed
action levels are not evaluated. Data are provided in Excel Table S4. Note: AK, Alaska; AL, Alabama; AR, AR, Arkansas; AZ, Arizona; CA, California;
CO, Colorado; CT, Connecticut; DE, Delaware; FL, Florida; HI, Hawaii; IL, Illinois; LA, Louisiana; MA, Massachusetts; MD, Maryland; ME, Maine;
MI, Michigan; MN, Minnesota; MO, Missouri; MT, Montana; ND, North Dakota; NH, New Hampshire; NJ, New Jersey; NM, New Mexico; NV, Nevada;

NY, New York; OH, Ohio; OR, Oregon; PA, RI, Rhode Island; UT, Utah; VA, Virginia; VT, Vermont; WA, Washington; WV, West Virginia.

much lower frequency (in only 2 samples). Aspergillus fumigatus
and cadmium were the only two non-pesticide contaminants
detected. All but 3 failed samples in flowers contained only a single
contaminant above California’s regulatory action levels.

Cannabis extract samples had a significantly higher rate of co-
contamination. Ninety-four samples contained more than one con-
taminant and two of those 94 samples had nine different contami-
nants. In comparison, only 3 cannabis flower samples contained
two contaminants and no other co- contamination of flowers was
detected. The observed co-contamination of extracts was likely
due to the use of multiple batches of cannabis or improperly
cleaned machinery in the extraction process. The most common
contaminants in cannabis extracts were insecticides, fungicides,
and solvents (which were not tested for in flowers). Insecticides
accounted for roughly one-third of the detections (204), followed
by fungicides (148 detections), solvents (144 detections), miticides
(56 detections), inorganic “heavy metals” (22 detections), herbi-
cides (7 detections), and others (7 detections) (Excel Table S2).
The most common pesticides found in the cannabis extracts were
boscalid (60 samples), chlorfenapyr (55 samples), chlorpyrifos (50
samples), bifenazate (44 samples), and myclobutanil (41 samples),
which was similar to the flower data set analyzed above. The sol-
vents with the highest rates of detection were chloroform (49 sam-
ples) and benzene (38 samples).

Disparity in state-level regulations can result in a greater risk
of contaminant exposure in some jurisdictions. It can also con-
fuse cannabis growers, manufacturers, and testing laboratories.
Figure 3 shows the overlap between the range of regulatory
action levels in jurisdictions and the range of the most common
contaminants detected in each of the four main categories. This
overlap indicates the possibility for identical cannabis samples to
have been deemed acceptable for the required testing (if any) in
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one jurisdiction but not in others. Notably, there were also
marked differences in the number of jurisdictions regulating dif-
ferent detected contaminants (Excel Table S2). Figure 4 shows
the percentage of the contaminated samples in California that
would have hypothetically passed the listed action levels in each
jurisdiction. Most of the disparity between jurisdictions arose as
a result of missing action levels for the relevant contaminants
(Excel Table S4). Although some jurisdictions stated that no pes-
ticide contaminants were allowed in cannabis, without specifying
the contaminants, it was impossible for cannabis growers or
enforcement agencies to determine what analytes to be looking
for. This hypothetical visualization also assumed that all jurisdic-
tions would enforce compliance testing to all samples for con-
tamination, which was another variability between jurisdictions
that we had not accounted for. These factors could result in
higher exposure levels and poor public health outcomes in certain
jurisdictions if not addressed.

Although microbes accounted for <3% of all regulated con-
taminants in the United States, they contributed to most of the
reported cannabis contamination outbreaks. Figure 5 shows a
choropleth of the number of reported incidents for contaminated
cannabis outbreaks and recalls in each state between 1 June 2020
and 31 October 2021 (see Supplemental Material, “Identified
Regulatory Documents, Public Health Reports, Cannabis Testing
Reports, and News Reports”). The majority of these incidents
(8 of 14) were caused by microbial contamination,”> "% whereas
1 of those 8 reports also mentioned lead contamination.>® Three
incidents were due to various gesticide contamination.® "% Two
recalls were due to cadmium.®*®> The remaining 1 was due to
improper handling.®® The prevalence of microbial contamination
outbreaks is consistent with the statistics reported by the states.
In Colorado, microbial contaminants account for most failed
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Figure 5. Choropleth map showing the number of reported incidents of contaminated cannabis outbreaks and recalls in each jurisdiction between 1 June 2020
and 31 October 2021. News reports are searched using Google News, Newsbank, and Access World News. Eight of these 14 recalls were caused by microbial
contamination. All news reports are listed in Supplemental Material, “Identified Regulatory Documents, Public Health Reports, Cannabis Testing Reports, and
News Reports.” Note: AK, Alaska; AL, Alabama; AR, AR, Arkansas; AZ, Arizona; CA, California; CO, Colorado; CT, Connecticut; DE, Delaware;
FL, Florida; HI, Hawaii; IL, Illinois; LA, Louisiana; MA, Massachusetts; MD, Maryland; ME, Maine; MI, Michigan; MN, Minnesota; MO, Missouri;
MT, Montana; ND, North Dakota; NH, New Hampshire; NJ, New Jersey; NM, New Mexico; NV, Nevada; NY, New York; OH, Ohio; OR, Oregon; PA, RI,
Rhode Island; UT, Utah; VA, Virginia; VT, Vermont; WA, Washington; WV, West Virginia.

flower and shake/trim samples.*® California’s state data also
shows an overall 0.5% failure rate that involves microbial
contaminants.>>

Characterizing Susceptible Patient Populations

Cannabis and cannabis products—unlike tobacco—are often mar-
keted as alternative options to standard medical treatments. As
such, medical cannabis can Botentially expose susceptible patients
to harmful contaminants'®’ ; however, there is minimal informa-
tion about the scale of cannabis use in different patient populations.
At the time of writing, only two large-scale studies (i.e., >500 par-
ticipants) in the PubMed database reported the cannabis use rates
of patients with Parkinson’s Disease (25%—40%).%”%® The present
study found that 25 of the 34 legalized jurisdictions released canna-
bis use reports between 2016 and 2021 (Supplemental Material,
“Identified Regulatory Documents, Public Health Reports,
Cannabis Testing Reports, and News Reports). Twenty of those
jurisdictions reported the number of licensed cannabis users by
qualifying conditions. The majority of patients were prescribed
medical cannabis for use in alleviating pain (799,808 patients), fol-
lowed by post-traumatic stress disorder (164,383 patients), spastic-
ity associated with multiple sclerosis or spinal cord injury (78,145
patients), cancer (44,318 patients), and epilepsy (21,195 patients).
Anorexia, weight loss, and amyotrophic lateral sclerosis had rela-
tively few patients (8,016 and 432 patients, respectively). The
result was unexpected given that both conditions were listed by a
large number of jurisdictions as qualifying conditions (25 and 19
jurisdictions, respectively).”® Notably, recreational cannabis had
been legalized in 15 states and many cannabis users may have self-
medicated without a medical use license. The number of patients
who are subject to harmful contaminant exposure may be higher
than the reported number of medical use licenses. The complete
list of qualifying conditions and the total number of self-reported
patients are provided in Excel Table S3.
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Discussion

In this study, we applied data mining and visualization to exam-
ine the complex landscape of state-level regulations for cannabis
contaminants in the United States. We found that a) there was
more inconsistency in cannabis-borne contaminant regulation
as compared with other agricultural commodities; b) pesticides,
inorganics, solvents, microbes, and mycotoxins were key catego-
ries of regulated contaminants; c¢) insecticides, fungicides, and
solvents were the most prevalent contaminant categories in can-
nabis flowers and extracts; d) disparity in state-level regulations
can result in greater risk of contaminant exposure; and e) there is
a critical need to better understand the cannabis-borne contami-
nant exposure of susceptible patient populations. Our findings
have two important public health implications. First, the scatter-
shot approach of regulations at the state level can confuse canna-
bis manufacturers and discourage compliance while subjecting
cannabis users to a higher level of contaminant exposure in some
jurisdictions. Second, given the current status of cannabis con-
taminant regulation in the United States, it is unclear whether the
health benefit of cannabis usage outweighs the health risk of
exposure to cannabis-borne contaminants.

The current listing of regulated contaminants in cannabis
resembles an assortment of contaminants—such as organophos-
phate insecticides, arsenic, E. coli, and aflatoxin B1—that can be
commonly found in human diets and the environment. This
appears to be a consequence of adopting food and environmental
regulations to a new, formerly illegal commodity where the con-
taminant information is not available.®*~"! Subsequently, there
was a mismatch between the current regulations and prevalent con-
taminants detected in cannabis. For instance, herbicides accounted
for 24% of all regulated cannabis contaminants, but weed control
was not known to be a key concern in cannabis production.’” This
is further supported by the fact that herbicide contamination was
found in only 3 of all 5,654 flowers tested (i.e., 0.05%) and 7 of the
3,760 extracts (i.e., 0.19%). In addition, we found significant
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variations in regulatory action levels that could not be explained
by patterns of use, human health risk, or environmental concerns.
For instance, the action levels of organophosphate insecticide
dichlorvos and dimethoate in cannabis ranged from zero toler-
ance in California to 1 ppm in several states. In contrast, the U.S.
EPA tolerances of dichlorvos and dimethoate range from 0.5 to
2 ppm in most fruits and vegetables.>*

Although cannabis growth has more compliance testing require-
ments than other agricultural commodities in the United States, the
testing information was surprisingly inaccessible. Besides the
present study, only a few surveys with more specific focuses
are available in the open literature.'"'®>!2737* This was
unlike other U.S. agricultural commodities where contaminant
data are collected and reported at the federal level, such as the
USDA Pesticide Data Program.?* The lack of data access has
hindered the refinement of regulations to better capture the
prevalent contaminants in cannabis. In our opinion, this is an
unintended consequence of the Schedule I listing of cannabis at
the federal level. This prevents the federal agencies from work-
ing with state-level regulatory agencies to report the contami-
nant data in open-access databases.

Cannabis can be used as a therapeutic agent, but it is not
regulated as one in the United States. Our results show that
5.1% of the cannabis samples for compliance testing exceeded
California’s regulatory action levels of contaminants. Although
batches that fail compliance testing are supposed to be removed
from the legal market, they are sometimes sold in the black
market, which is still thriving in California and the other parts
of the United States. In addition, patients may be given no infor-
mation by their health providers regarding the safety issues of can-
nabis use. They may acquire cannabis from illegal or unknown
sources. Several surveys have investigated medical use of can-
nabis in specific patient populations.®”-”>7¢ Yet, the level of
cannabis-borne contaminant exposure in patient populations is
a largely unstudied area. Further investigation is needed to
examine the safety considerations in susceptible patient popula-
tions across all medical conditions. Last, there is a critical knowl-
edge gap regarding cannabis-borne contaminant exposure with
different consumption methods. Combustion and pyrolysis of the
contaminants may change the associated risk of contamination.”®”’

The progression and prognosis of many qualifying conditions
may be worsened by exposure to detected contaminants in canna-
bis. In our survey, 73 of the 141 contaminated samples contained
insecticides, including chlorpyrifos. Many of these insecticides
could target neurotransmitter signaling pathways associated with
seizures and epilepsy.”® A recent study in Australia found that
some families used artisanal cannabis products to manage their
children’s seizures rather than pharmaceutical-grade canna-
bis.”® Analysis of the products found that 29% of samples were
contaminated with ethanol or isopropanol above the acceptable
limits. There were also concerns over the microbial contami-
nant Aspergillus spp. that can infect immunocompromised can-
cer patients.'® The 2017 survey found that cannabis samples
from dispensaries in California contained significant numbers
of fungal and bacterial contaminants.'®> A follow-up study
revealed that cannabis users were 3.5 times more likely to have
a fungal infection than persons who did not use cannabis.?!
These findings are especially concerning to people with immu-
nocompromising conditions such as cancer and acquired immu-
nodeficiency syndrome (AIDS) because these patients are at
risk of experiencing a fatal infection.

In conclusion, this study demonstrates an urgent need for a
unified regulatory approach to mitigate the public health risk of
cannabis contamination at a national level. Although individual
jurisdictions may implement their cannabis policies and

Environmental Health Perspectives

097001-10

regulations, there should be a national-level guideline on the con-
taminant regulations of cannabis. In our opinion, this guideline
should be based on human health risk assessment methodologies
consistent with other agricultural and food commodities. In addi-
tion, a more stringent approach is needed to regulate contaminants
in medical cannabis to address additional vulnerabilities present in
these populations. Given the existing knowledge gaps regarding
cannabis contamination toxicity and exposure, this effort would
require federal and state support to advance the toxicological and
epidemiological research of cannabis-borne contaminants, particu-
larly in susceptible patient populations with medical conditions.
With the constraints faced by federal agencies in regulating an ille-
gal Schedule I substance, we think this effort should involve the an-
alytical science community, the medical community, and multistate
trade collaboratives. This two-tier approach may provide a science-
based solution to mitigate the health hazards of cannabis contami-
nants in an expanding U.S. cannabis market.
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