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Abstract
The market for products containing cannabidiol (CBD) is booming globally. However, the pharmacokinetics of CBD in different oral formulations
and the impact of CBD use on urine drug testing outcomes for cannabis (e.g., 11-nor-9-carboxy-∆9-tetrahydrocannabinol (∆9-THCCOOH)) are
understudied. This study characterized the urinary pharmacokinetics of CBD (100mg) following vaporization or oral administration (including
three formulations: gelcap, pharmacy-grade syrup and or Epidiolex) as well as vaporized CBD-dominant cannabis (containing 100mg CBD and
3.7mg ∆9-THC) in healthy adults (n=18). A subset of participants (n=6) orally administered CBD syrup following overnight fasting (versus
low-fat breakfast). Urine specimens were collected before and for 58 h after dosing on a residential research unit. Immunoassay (IA) screening
(cutoffs: 20, 50 and 100 ng/mL) for∆9-THCCOOHwas performed, and quantitation of cannabinoids was completed via LC–MS-MS. Urinary CBD
concentrations (ng/mL) were higher after oral (mean Cmax: 734; mean Tmax: 4.7 h, n=18) versus vaporized CBD (mean Cmax: 240; mean Tmax:
1.3 h, n=18), and oral dose formulation significantly impacted mean Cmax (Epidiolex=1,274 ng/mL, capsule=776ng/mL, syrup=151ng/mL,
n=6/group) with little difference in Tmax. Overnight fasting had limited impact on CBD excretion in urine, and there was no evidence of CBD
conversion to∆8- or∆9-THC in any route or formulation in which pure CBD was administered. Following acute administration of vaporized CBD-
dominant cannabis, 3 of 18 participants provided a total of six urine samples in which∆9-THCCOOH concentrations≥15ng/mL. All six specimens
screened positive at a 20 ng/mL IA cutoff, and two of six screened positive at a 50 ng/mL cutoff. These data show that absorption/elimination
of CBD is impacted by drug formulation, route of administration and gastric contents. Although pure CBD is unlikely to impact drug testing, it is
possible that hemp products containing low amounts of ∆9-THC may produce a cannabis-positive urine drug test.

Introduction
Cannabis access has increased due to widespread pol-
icy changes permitting its medicinal use or decriminaliza-
tion. Notably, hemp (defined in the USA as cannabis
containing ≤0.3% of the psychoactive constituent ∆9-
tetrahydrocannabinol (∆9-THC)) was removed from the
United States’ list of controlled substances via the Agricul-
ture Improvement Act of 2018 (a.k.a., “The Farm Bill”).
Together, sweeping hemp and cannabis policy reforms have
fostered a vast retail market of cannabinoid-containing prod-
ucts. The growing market of hemp products is dominated by
those containing cannabidiol (CBD) as the primary chemical
constituent. The collective market for CBD sales (e.g., dis-
pensary, pharmaceutical and retail sales), which was reported
as $1.9 billion in 2018, is forecasted to reach $20 billion by
2024 (1). Concurrently, CBD-containing products of a variety
of formulations (e.g., vaporization liquids, oral capsules and

solutions and topical skin products) are marketed as nutraceu-
ticals, dietary supplements, cosmetics and assorted other types
of retail products.

The proliferation of CBD-dominant hemp and cannabis
products has spurred efforts to characterize the impact of
CBD use on urine drug testing. Workplace and other drug
testing programs most commonly test for recent cannabis
use by analyzing urine concentrations of 11-nor-9-carboxy-
∆9-THC (∆9-THCCOOH), a metabolite of ∆9-THC (2, 3).
While CBD use is not currently evaluated in most drug
testing programs, there is a reason for concern that CBD-
dominant cannabis or hemp product use may produce a
positive result for ∆9-THCCOOH on a urine drug test.
First, hemp-derived retail CBD products can legally contain
up to 0.3% ∆9-THC in the USA (4), and even the FDA-
approved CBD medication Epidiolex may contain trace levels
(<0.1%) of∆9-THC (U.S. Drug Enforcement Administration,

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

https://orcid.org/0000-0001-5043-2918
mailto:rvandrey@jhmi.edu


CBD and THC Urinary Pharmacokinetics 495

83 FR 48950). In a recent open-label, 4-week trial, partic-
ipants sublingually administered a full-spectrum, high-CBD
hemp extract (9.97mg/mL CBD (1.04%) and 0.23mg/mL
of ∆9-THC (0.02%)) three times per day. Urine toxicol-
ogy testing showed that 6 of 14 of participants had urinary
∆9-THCCOOH concentrations >15 ng/mL, the confirmatory
cutoff concentration listed in the Mandatory Guidelines for
federal workplace drug testing (5). This study demonstrated
that the use of retail CBD products poses a risk of a positive
drug test, but the CBD/THC dosing parameters or individual
user characteristics that would likely contribute to a pos-
itive versus negative test result remain unknown. Second,
retail CBD products that do not disclose the presence of
∆9-THC may still contain ∆9-THC in concentrations rang-
ing from trace levels to concentrations capable of producing
impairment. For example, an analytical study of 84 retail
CBD products without labeling related to ∆9-THC content
detected ∆9-THC in 18 samples with observed ∆9-THC con-
centrations as high as 6.43mg/mL (6). Third, in vitro evidence
indicates that CBD may degrade to ∆8- and ∆9-THC in
simulated gastric fluid of pH=1.2 (7–9), suggesting that CBD
may be converted to ∆- or ∆9-THC in highly acidic human
gastric fluid (pH=1.0–2.5) (10). Fourth, in the physiological
environment of the human gut, the proportion of CBD that is
degraded to ∆8- and ∆9-THC may be impacted by fasting or
an abstinence from food (7).

To date, few human laboratory studies have systematically
evaluated the urinary pharmacokinetics of CBD or its primary
metabolites (7-OH-CBD, 7-CBD-COOH) under acute dosing
conditions while manipulating factors relevant to its use (e.g.,
route of administration, oral formulation and ingestion of
food prior to use). Recently, several studies have characterized
urinary CBD concentrations following acute cannabis dosing
in controlled laboratory studies (11–13), including smoked
CBD-dominant cannabis containing <0.2% THC (12, 13).
A pilot study in our laboratory found that concentrations of
CBD were higher after a single administration of an oral CBD
capsule versus vaporized CBD, and the time to maximum
CBD concentration was shorter in the vaporized versus oral
CBD condition (14). The present study evaluated the urinary
pharmacokinetics of CBD, ∆9-THC and their metabolites in
healthy adults following a single dose of vaporized or orally
ingested CBD (3 formulations) or vaporized CBD-dominant
cannabis containing a very low amount of ∆9-THC (0.39%
by dry weight), which is slightly above the threshold to be con-
sidered hemp. The influence of overnight fasting on CBD uri-
nary pharmacokinetics, including the potential for conversion
of CBD to ∆9-THC or ∆8-THC was also evaluated. Thus,
this study addressed critical knowledge gaps in understanding
the impact of acute CBD administration (orally ingested via
multiple formulations or inhaled with a vaporizer) on urine
cannabis drug testing outcomes.

Methods
Participants
Participants were healthy adults recruited via word-of-mouth
and web-based advertisements. Interested individuals com-
pleted a telephone pre-screening interview, and those who
appeared eligible were invited for a screening visit at the Johns
Hopkins Behavioral Pharmacology Research Unit (BPRU),
where written informed consent was obtained and study

eligibility determined. This study was approved by the Johns
Hopkins University School of Medicine’s Institutional Review
Board (IRB00128331).

Inclusion criteria were as follows: age 18–45 years and
body mass index (BMI) 19–36 kg/m2; good physical health
per medical history and physical exam, 12-lead electrocardio-
gram and blood chemistry, hematology and serology analysis;
self-reported no past-30-day use of cannabis or other psy-
choactive drugs other than alcohol, nicotine or caffeine; test
negative for cannabis, other illicit drugs and alcohol per urine
toxicology and breathalyzer at screen and each experimental
session; prior experience inhaling cannabis and, for females,
negative pregnancy test (via serum at screening and via urine
test at each visit).

Key exclusion criteria were as follows: current use of pre-
scription medication, over-the-counter medication or supple-
ments/other drug products that could interfere with study out-
comes or participant safety (e.g., drugs metabolized through
CYP2D6, CYP2C9 and CYP2B10 enzymes or drugs that
inhibit CYP3A4 enzymes); history or current evidence of sig-
nificant medical condition (e.g., epilepsy, anemia, cardiac
illness and traumatic brain injury); use of dronabinol within
6months prior to screening or hemp seeds or oil within
3months prior to screening and participation in another clin-
ical trial or having received a drug as part of a research study
in the 30 days prior to study participation.

A total of 18 participants provided informed consent and
completed study procedures (nine men and nine women). Par-
ticipants’ demographics are shown in Table S1 (Supplemen-
tal Material). Participants were predominantly white, non-
Hispanic and did not smoke cigarettes. Participants (mean
(SD)) were 31 (6) years of age, had a BMI of 26 (4) and had
not used cannabis for 146 (251) days prior to the first drug
administration session.

Study design
Eighteen participants completed four double-blind, double-
dummy acute dosing sessions, each lasting at least 58 h.
During each session, participants were exposed to an oral dose
(either active or placebo) and then a vaporized dose (either
active or placebo) exactly 1 h later. Six of the eighteen par-
ticipants also completed a fifth study session in which they
received an oral dose following overnight fasting (described
below). A double-dummy procedure was employed to control
for expectancy effects related to the route of administration.

The four dosing conditions completed by all 18 partic-
ipants were as follows: (i) 100mg oral CBD and vapor-
ized placebo cannabis; (ii) oral placebo and 100mg vapor-
ized CBD; (iii) oral placebo and vaporized CBD-dominant
cannabis containing 100mg CBD and 3.7mg ∆9-THC; (iv)
oral placebo and vaporized placebo cannabis. The 100mg
oral CBD dose was delivered as one of three formulations:
capsule, syrup or Epidiolex (six participants received each
oral dose formulation). The four primary dosing conditions
were completed in a randomized order. A fifth dose condition,
always completed after the four primary dosing conditions,
was completed by six of the eighteen study completers. In this
fifth condition, participants fasted overnight (for at least 12 h)
on a residential research unit prior to dosing and were then
exposed to an oral dose of 100mg CBD in syrup followed by
vaporized placebo cannabis.
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Study drug
Two batches of cannabis (CBD-dominant and placebo) were
obtained for this study from the National Institute on Drug
Abuse (NIDA) Drug Supply Program. The available CBD-
dominant cannabis provided by the NIDA Drug Supply Pro-
gram met the pre-specified criteria for “low THC (<1%)
/ very high CBD (>10%)” content. Specifically, the batch
of CBD-dominant cannabis procured for the present study
contained ∼10.5% CBD, 0.39% ∆9-THC, 0.02% ∆8-THC
and 0.05% cannabinol (CBN) and was measured to yield a
total CBD dose of 100mg and a ∆9-THC dose of 3.7mg.
This was consistent with the ratio of CBD:THC found in
commercial “CBD products” at the time, but note that this
study was initiated before hemp was legalized in the USA and
operationally defined as cannabis containing 0.3% THC or
less. The placebo cannabis batch contained 0.003% CBD,
0.001% ∆9-THC, no detectable ∆8-THC and 0.005% CBN.
Identical quantities of plant material (953mg) were used
under placebo and active dosing conditions. Cannabis was
vaporized using the Volcano Medic® (Storz and Bickel, Tut-
telingen, Germany) vaporizer at a temperature of 204◦C
(400◦F).

Albany Molecular Research Inc. supplied pure CBD in
crystalline powder form. Purity by HPLC was 100%, and
independent testing confirmed the absence of ∆9-THC. CBD
was prepared for dosing and dispensed by the Johns Hop-
kins BPRU pharmacy. For vaporization of pure CBD, the
Volcano Medic® was used to heat and aerosolize the CBD
powder, which was placed on a stainless-steel dosing pad
accessory for the Volcano Medic®. For oral administration,
three formulations were prepared.

Oral capsule
CBD powder (100mg) was weighed and placed into a size
00, pharmacy-grade gelcap. The remaining space of the gel-
cap was filled with inert microcrystalline cellulose. Placebo
gelcaps were filled with the same cellulose and no CBD.

Oral syrup
CBD powder (100mg) was weighed, and ∼2mL of ORA
Plus® suspending vehicle was added directly to the CBD pow-
der to facilitate dissolution. This mixture was suspended into
a pharmacy-grade, cherry-flavored syrup to achieve a final
volume of 10mL. The placebo condition was an equal volume
of cherry-flavored syrup that did not contain CBD.

Epidiolex
Epidiolex is a strawberry-flavored solution that contains CBD
at a concentration of 100mg/mL. 1mL Epidiolex was dis-
solved into 9mL of pharmacy grade, cherry-flavored syrup to
obtain a final CBD dose of 100mg at a final volume of 10mL.
The placebo conditionwas an equal volume of cherry-flavored
syrup that did not contain Epidiolex.

The dose of 100mg CBD was employed for two main rea-
sons. First, there is 100mg CBD in a single unit dose (1mL)
of Epidiolex. Second, ∼100mg CBD is contained in a 1 g
cannabis cigarette containing 10% CBD, which are common
characteristics of “pre-rolled” high CBD cannabis cigarettes
in legal retail markets in the USA and Canada. We maintained
the 100mg CBD dose for cannabis plant material to permit

comparison with the pure CBD conditions. The use of 3.7mg
∆9-THC yields a 25:1 CBD:THC ratio, which is common
for commercially available CBD-dominant cannabis prod-
ucts. Moreover, the 0.39% ∆9-THC concentration in the
plant material is close to what is defined as hemp in the USA
(≤0.3%).

Experimental session procedures
Each 58 h dosing session consisted of an acute drug adminis-
tration period, lasting 8 h, followed by a two-night, three-day
inpatient stay on a closed residential unit. Sessions were sched-
uled so that dosing occurred at least a week apart to allow
for drug washout between doses. The 8 h acute dosing period
was conducted at the BPRU. Participants arrived to the BPRU
the morning of dosing and first completed a urine drug test,
urine pregnancy test (for females) and alcohol breathalyzer,
which were all required to be negative to conduct the session.
Participants were then given a standard low-fat breakfast of
toast and jam (except during the fasted condition), had an
intravenous catheter inserted for blood sampling and base-
line blood sample collected, had baseline vital signs taken and
reported the use of any medications or drugs including alco-
hol, cannabis and nicotine via timeline follow-back interview.
Then, baseline subjective effects questionnaires and cogni-
tive performance tasks (digit serial substitution task, divided
attention task and paced serial addition task) were adminis-
tered, and baseline urine and oral fluid samples were collected.
Outcomes of the pharmacodynamic analyses were published
previously (15).

Participants orally ingested either 100mg CBD or a com-
parable placebo (see Study Drug section for descriptions of
oral formulations). Exactly 1 h after oral ingestion, partici-
pants used the Volcano Medic® to administer 100mg pure
CBD, 100mg CBD-dominant cannabis or placebo cannabis
vapor by heating the drug to 204◦C (400◦F) and capturing
the vapor generated in a balloon. Participants were given
10minutes to inhale the contents of three fully inflated bal-
loons ad libitum. New balloons were used for each dos-
ing session, and they were covered with an opaque bag to
obscure the appearance of the vapor in the balloon to preserve
blinding.

After baseline assessments and dosing, urine specimens
were collected from participants. Total volume was mea-
sured, and two 30-mL aliquots were collected and stored in
polypropylene containers at −20◦C. The first four urine speci-
mens were obtained at target nominal time points post-dosing
and subsequent specimens were pooled samples of all urine
produced by participants over 2–10 h periods. Spot samples
were collected at the end of each pooled time period and
combined with the pooled sample. Given that oral drug (or
placebo) administration occurred 1 h before vaporized drug
(or placebo), the timelines for urine collection varied based on
route of administration. The timeline for collection following
oral drug administration was as follows: baseline and 1.5, 2,
3, 4, 4–6, 6–8, 8–10, 10–12, 12–22, 22–26, 26–30, 30–34,
34–46, 46–50, 50–54 and 54–58 h. The timeline for collec-
tion following vaporized drug administration was as follows:
baseline and 0.5, 1, 2, 3, 3–5, 5–7, 7–9, 9–11, 11–21, 21–25,
25–29, 29–33, 33–45, 45–49, 49–53 and 53–57 h. Urine col-
lection sometimes varied from the target time by about±5min
across participants/sessions (e.g., if participant was unable to
void immediately).
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Immunoassay and creatinine
Urine specimens were analyzed with the DRI Cannabi-
noid Assay via the manufacturer’s procedure (Thermo Fisher
Scientific, Fremont, CA) utilizing 20, 50 and 100 ng/mL
cutoff concentrations. Immunoassay (IA) methods and
cross-reactivity data were previously published (14). Cre-
atinine was determined with the Siemens modified Jaffe
reagent.

Hydrolysis methods for confirmatory liquid
chromatography with tandem mass spectrometry
(LC–MS-MS)
The following analytes were evaluated in the present
study: ∆9-THC, ∆8-THC, 11-hydroxy- ∆9-THC (11-OH-
∆9-THC), ∆9-THCCOOH, ∆8-THCCOOH, tetrahydro-
cannabivarin (THCV), THCV carboxylic acid (THCVA),
CBD, cannabinol (CBN), 7-hydroxy-CBD (7-OH-CBD) and
7-carboxy-CBD (7-CBD-COOH). For the following hydroly-
sis, extraction and LC–MS-MSmethods, minor changes to the
analytical method were employed between Study 1 and Study
2; Study 1 represents n=6 participants (#038, 053, 054, 063,
066 and 068) who were included in the pilot study preced-
ing this report (14). Study 2 represents the remaining n=12
participants reported for the first time in this report. Differ-
ences in analytical methodology are described below, where
applicable.

Study 1
It was anticipated that two types of conjugated metabo-
lites would be present in urine specimens from these studies
(i.e., ether-linked CBD and acid-linked THCCOOH). Because
ether-linked cannabinoid conjugates are less susceptible to
base-hydrolysis, a separate enzyme hydrolysis method was
developed for potential ether-linked conjugates in Study 1.
Base hydrolysis was conducted with 0.1mL of 5N KOH solu-
tion added to 0.3mL of urine specimens, calibrators and con-
trols and 0.1mL of internal standard solution. Samples were
incubated at 50◦C for 15min. Following incubation, 0.1mL
of 5N formic acid and 0.4mL of potassium phosphate buffer,
pH 6.8 was added prior to extraction. Enzyme hydrolysis was
conducted with 0.1mL of BGTurbo® solution (Kura Biotec,
Rancho Dominguez, CA) added to 0.3mL of urine specimens,
calibrators and controls and 0.1mL of internal standard solu-
tion. Samples were incubated at 50◦C for 30min. Following
incubation, 0.5mL of potassium phosphate buffer, pH 6.8
was added prior to extraction.

Study 2
In Study 2, both base hydrolysis and enzyme hydrolysis
were performed sequentially for all analytes. Sample volume
of 0.3mL of urine, calibrators and controls and 0.1mL of
internal standard solution were pipetted into silanized glass
tubes. Enzyme hydrolysis was performed first with 0.1mL of
BGTurbo® solution (Kura Biotec, Rancho Dominguez, CA)
and incubated at 50◦C for 15min. Following incubation,
0.1mL of 5N KOH was added and incubated at 50◦C for
5min. This was followed by 0.1mL of 5N formic acid and
mixed with 1mL of potassium phosphate buffer, pH 6.8 prior
to extraction.

Extraction methods for confirmatory LC–MS-MS
Study 1
Clean Screen XCEL II 3mL/130mg SPE cartridges (UCT,
Bristol, PA) were used to separately extract base or enzyme
hydrolyzed samples. Samples were passed through the car-
tridges, and then, the extraction column was washed
using 3mL of hexane and eluted with 2mL of solvent
(49/49/2 hexane/ethyl acetate/acetic acid). Equal parts 0.1%
formic acid in water and methanol totaling 0.4M was used to
evaporate and reconstitute samples. Samples were analyzed
in separate runs (base hydrolyzed and enzyme hydrolyzed
samples by LC–MS-MS).

Study 2
Sequentially hydrolyzed samples underwent a single extrac-
tion using Clean Screen XCEL II 3mL/130mg SPE cartridges.
After sample passage through the cartridge, the extraction
column was washed with 2.5mL of hexane and dried. Sam-
ples were eluted with 2mL of solvent (49/49/2 hexane/ethyl
acetate/formic acid). Extracts were evaporated and reconsti-
tuted with 0.4mL of equal parts of 0.1% formic acid in water
and methanol and transferred to a 96 deep-well plate for
analysis by LC–MS-MS. Samples were analyzed in a single
run (since base and enzyme hydrolysis occurred sequentially
rather than separately).

Please note that, in Study 1, 7-OH-CBD and 7-CBD-
COOH were not included in the pilot LC–MS-MS analy-
sis. Therefore, samples from Study 1 were re-extracted and
sample extracts analyzed for 7-OH-CBD and 7-CBD-COOH
using the Study 2 methods.

LC–MS-MS analyses
The cannabinoids analyzed by LC–MS-MS included: ∆9-
THC, ∆8-THC, 11-OH-∆9-THC, ∆9-THCCOOH, ∆8-
THCCOOH, THCV, THCVA, CBD, CBN, 7-OH-CBD and
7-CBD-COOH. A detailed explanation of the LC–MS-MS
methods is available in the Supplemental Material. Of note,
the limit of detection (LOD) for all analytes was 1.0 ng/mL.
The upper limit of linearity and carry over limit for all ana-
lytes was 1,000 ng/mL with the exception of ∆9-THCCOOH
established at 500 ng/mL.

Data presentation and analysis
Descriptive statistics summarize participant demographics
and LC–MS-MS urine results. Noncompartmental pharma-
cokinetic calculation of half-life (t1/2) from urine data was
generated using the excretion rate method such that t1/2 = ln
(2)/Kel, where Kel is equal to the elimination rate constant.
Percent dose excreted of the 100mg CBD was computed for
each analyte using the following steps: first, the amount of
analyte excreted ((volume of urine void, mL) * (concentra-
tion of analyte, ng)) was calculated for each time point; then,
cumulative amount of analyte (ng) was generated by comput-
ing the sum of the amount of analyte (adjusted for changes in
molecular weight of metabolites) excreted at each time point.
Last, percent dose excreted was calculated by dividing the
cumulative amount of analyte excreted by 100.

One-way ANOVA or Student’s t-test were employed as
appropriate to compare within-subjects differences on phar-
macokinetic parameters (maximum concentrations (Cmax),
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time to maximum concentrations (Tmax), t1/2, dose excreted)
for CBD, 7-OH-CBD or 7-CBD-COOH by route of admin-
istration (oral, vaporized) and product type (pure CBD and
high CBD cannabis). For observed main effects, post-hoc mul-
tiple comparisons were made using Tukey’s test (α=0.05).
Inferential statistics were not carried out for between-subjects
comparisons of oral CBD formulation (capsule, syrup and
Epidiolex) or gastric contents (low-fat breakfast and fast-
ing) due to considerable between-subject variance and small
sample size (n=6) for these conditions. Note that, for
analyses of pharmacokinetic outcomes, the midpoint time
value was used for pooled specimens. For example, if Cmax

was observed at “6–8” h, the Tmax value was recorded
as “7 h”.

Exploratory mixed effects models (see Supplemental Mate-
rial) were used, where appropriate, to compare urinary
concentrations of CBD, 7-OH-CBD or 7-CBD-COOH (I)
between routes of administration or (II) oral formula-
tions with the factors of dose condition and time post-
administration (baseline and 16 time points) and (III) between
fasted states with the factors of dose condition (overnight
fasting and standard low-fast breakfast) and time post-
administration (baseline and 16 time points). For observed
dose condition x time interactions, post-hoc multiple com-
parisons were made using Tukey’s test (α=0.05). Statistical
analyses were conducted using Prism 8 for macOS (Version
8.3.0, GraphPad Software, LLC).

Note that participants in the previously published pilot
study (14) are included in this manuscript due to the fact
that the present analysis includes additional metabolites and
comparison of all outcomes across product formulations.

Results
Table S2 displays creatinine, IA results at 20, 50 and
100ng/mL cutoff concentrations, and LC–MS-MS uri-
nary results for CBD, 7-OH-CBD, 7-CBD-COOH and ∆9-
THCCOOH for each participant over time. Other analytes
(CBN, ∆9-THC, ∆8-THC, THC-V, THC-VA, 11-OH-THC
and ∆8-THCCOOH) were detected in trace amounts (i.e.,
on average, below the LOD) or not at all. Thus, these ana-
lytes are not presented in the interest of parsimony. Table
I contains Cmax, Tmax, t1/2, and the percent of the 100mg
CBD dose excreted for CBD, 7-OH-CBD, 7-CBD-COOH,
and∆9-THCCOOH in urine across all participants. Although
some sex differences were observed in the present study, these
findings were few and unsystematic. A complete report of
statistical outcomes (including observed sex differences) is
available as Supplemental Material.

Urinary CBD pharmacokinetics by dosing condition
Figure 1A depicts urine CBD (ng/mL) concentrations by
route of administration and study time point (data points
represent mean± SEM across participants). Across oral for-
mulations (capsule, syrup and Epidiolex conditions col-
lapsed for this analysis), peak CBD concentrations were
most commonly observed 4 h after oral dose administra-
tion (mean Cmax=734ng/mL, range Cmax: 69–3,470 ng/mL,
mean Tmax =4.7 h and range Tmax: 2.0–9.0 h). In the vapor-
ized pure CBD condition, peak CBD concentrations (mean

Figure 1. Urine CBD concentrations across dosing conditions. Urine CBD
concentrations (ng/mL; y-axis; log10 scale) are plotted (mean±SEM) by
time (post-drug-administration; x-axis) for each (A) route of administration
and (B) oral formulation. The 100mg CBD (oral) condition in panel A
represents each of the three oral formulations collapsed.

Cmax=240ng/mL, range Cmax: 15.3–1,008 ng/mL, mean
Tmax =1.3 h and range Tmax: 0.5–4.0 h) were most com-
monly observed at the first collection time point (0.5 h) and
were lower than the oral CBD conditions. Similarly, in
the vaporized CBD-dominant cannabis condition, peak CBD
concentrations were most commonly observed 0.5 h follow-
ing vaporized dose administration (mean Cmax=328ng/mL,
range Cmax: 27.1–809 ng/mL, mean Tmax =1.4 h and range
Tmax: 0.5–4.0 h).

Tmax was significantly shorter in the 100mg vaporized
CBD (P<0.05) and CBD-dominant cannabis (P<0.05) con-
ditions relative to 100mg oral CBD. Additionally, Cmax for
CBD and percent CBD dose excreted were significantly lower
following 100mg vaporized CBD (P<0.05) but not CBD-
dominant cannabis when compared to the 100mg oral CBD
condition. There was no effect of route of administration on
CBD t1/2.

Figure 1B depicts urine CBD (ng/mL) concentrations across
oral formulations (data points represent mean± SEM across
participants). The Epidiolex condition yielded the highest uri-
nary CBD concentrations (mean Cmax=1,274 ng/mL, range
Cmax: 368–3,470 ng/mL) and peaked, on average, 4.3 h fol-
lowing administration (range Tmax: 4.0–5.0 h). The oral cap-
sule condition peaked at 5.3 h post-administration (range
Tmax: 2.0–9.0 h) and reached a lower maximum concentra-
tion (mean Cmax=776ng/mL, range Cmax: 210–2,941 ng/mL)
than the Epidiolex conditions. The oral syrup condition also
peaked at 4.3 h post-administration (range Tmax: 2.0–7.0 h)
but reached a much lower maximum concentration (mean
Cmax=151ng/mL, range Cmax: 68.7–229 ng/mL) than either
the Epidiolex or capsule conditions.
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Figure 2. Urinary pharmacokinetic profile of CBD and its metabolites across dosing conditions. Urinary concentrations of CBD, 7-OH-CBD or
7-CBD-COOH concentrations (ng/mL; y-axis; log10 scale) are plotted (mean±SEM) by time (post-drug-administration; x-axis) for the following, 100mg
CBD dosing conditions: (A) oral capsule, (B) oral syrup, (C) oral Epidiolex, (D) vaporized CBD and (E) vaporized CBD-dominant cannabis.

Urinary 7-OH-CBD and 7-CBD-COOH
pharmacokinetics by dosing condition
Figure 2 displays urine concentrations of CBD, 7-OH-CBD
and 7-CBD-COOHwithin each dosing condition. 7-OH-CBD
Cmax and percent of the dose excreted as 7-OH-CBD were
greater in the oral Epidiolex versus syrup (P<0.05) condi-
tion. Additionally, 7-CBD-COOH Cmax was greater in the
oral Epidiolex versus syrup (P<0.05) and capsule conditions
(P<0.05), and percent of the dose excreted as 7-CBD-COOH
was greater in the oral Epidiolex versus syrup conditions
(P<0.05).

Relative to oral route, the Cmax and percent of the
dose excreted for 7-OH-CBD were both significantly lower
in the 100mg vaporized CBD (Figure 2D) and CBD-
dominant cannabis (Figure 2E) conditions (P<0.05). Addi-
tionally, 7-OH-CBD Tmax was longer in the 100mg oral
CBD condition. Further, 7-CBD-COOH Cmax was signif-
icantly lower and the percent of the dose excreted as 7-
CBD-COOH was significantly lower in the 100mg vaporized
CBD (Figure 2D) and CBD-dominant cannabis (Figure 2E)
conditions (P<0.05). 7-CBD-COOH Tmax was significantly

shorter in the 100mg vaporized versus oral CBD conditions
(P<0.05).

Urine cannabinoid concentrations after overnight
fasting
Relative to the standard low-fat breakfast condition, CBD t1/2
was longer following overnight fasting, but there was no sig-
nificant difference in CBD Cmax, Tmax, or percent of the dose
excreted as CBD (Figure S1, Supplemental Material). Fur-
ther, 7-OH-CBD t1/2 and Tmax were higher and the percent of
the dose excreted as 7-OH-CBD was lower in the overnight
fasting condition (P<0.05 for all); there was no difference
in 7-OH-CBD Cmax. Additionally, relative to the standard,
low-fat breakfast condition, the percent of the dose excreted
as 7-CBD-COOH was lower in the overnight fasting condi-
tion (P<0.05). However, no differences were observed for
7-CBD-COOH Cmax, Tmax or t1/2.

Neither ∆9-THC, ∆8-THC, THC-V, THC-VA, 11-OH-
THC nor ∆8-THCCOOH were detected in any of the urine
voids in the overnight fasting condition. Though traces of∆9-
THCCOOH were detected in some samples, these were spo-
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Figure 3. A single, vaporized administration of CBD-dominant cannabis
may yield a THC-positive urine drug screen. (A) Urine ∆9-THCCOOH
concentrations (ng/mL; y -axis) are plotted (mean±SEM) by time (post
drug-administration; x-axis) for the vaporized CBD-dominant cannabis
condition. (B) Urine ∆9-THCCOOH concentrations (ng/mL; y -axis) are
plotted by time (post-drug-administration; x-axis) for each participant in
the vaporized CBD-dominant cannabis condition. Bolded lines and
symbols are used to depicted the 3/18 participants who exhibited
>15ng/mL urine ∆9-THCCOOH (dashed lined), which is the common
LC–MS-MS confirmatory cutoff suggested by the Mandatory Guidelines
for federal workplace drug testing. The remaining 15/18 participants are
indicated by faint, solid lines.

radically observed and were not different than that observed
in the placebo dose condition. Thus, these trace amounts
likely stem from exposure to trace amounts of THC in the
placebo cannabis or reflect residual THC from prior exposure.

Urine ∆9-THCCOOH and drug testing results
Across all three 100mg CBD oral formulation doses and
the 100mg pure vaporized CBD condition, trace amounts of
∆9-THCCOOH were detected in a subset of specimens, but
these were not different than placebo. Figure 3A displays
urine ∆9-THCCOOH concentrations in the vaporized CBD-
dominant cannabis condition; ∆9-THCCOOH was detected
in all 18 participants. Urinary Cmax for ∆9-THCCOOH
ranged from 1.2 to 29.9 ng/mL (mean Cmax=7.9 ng/mL),
while Tmax values for ∆9-THCCOOH ranged from 1 to
31 h after inhalation (mean Tmax=8h). In the vaporized
CBD-dominant cannabis condition, ∆9-THCCOOHwas first
detected at BL in trace amounts similar to placebo in two par-
ticipants, 0.5 h in one participant, 1 h in six participants, 2 h
in four participants, 3 h in three participants, 4 h in one partic-
ipant and at 23 h in one participant. ∆9-THCCOOH was last
detected at 8 h in two participants, 16 h in four participants,
23 h in four participants, 39 h and 51 h in one participant each
and at 58 h (the final time point) in six participants.

Figure 3B displays urine ∆9-THCCOOH concentrations
within the vaporized CBD-dominant cannabis condition.

Of note, 3/18 participants (#038, #068, and #105; all males)
excreted∆9-THCCOOH concentrations above 15 ng/mL (the
confirmatory cutoff concentration listed in the Mandatory
Guidelines for federal workplace drug testing). Specifically,
participant #038 provided two specimens (at the 3 and 3–5 h
collection points), participant #068 provided two specimens
(at the 5–7 and 7–9 h collection points) and participant #105
provided two specimens (at the 5–7 and 7–9 h collection
points) that exceeded 15 ng/mL. Each of these six specimens
screened positive at an IA cutoff of 20 ng/mL (true posi-
tives) and two of six screened positive at a 50 ng/mL cutoff
(screening cutoff suggested by the Mandatory Guidelines for
federal workplace drug testing). None of these six specimens
were positive at the 100 ng/mL IA screening cutoff (Table S3,
Supplemental Material).

Discussion
Inhalable and ingestible CBD products are ubiquitous and
widely available, but few controlled studies have evaluated the
pharmacokinetics of CBD or its metabolites (7-OH-CBD, 7-
CBD-COOH) under controlled acute dosing conditions while
manipulating factors relevant to its use (e.g., route of adminis-
tration, oral formulation and ingestion of food prior to use).
The present study showed that CBD pharmacokinetics vary
substantially by route of administration (vaporized, oral) and
by formulation both when inhaled (CBD-dominant cannabis
versus pure crystalline CBD powder) and swallowed (capsule
versus syrup versus Epidiolex). The key outcomes of this study
were that administration of CBD alone did not produce pos-
itive urine drug test results based on current US federal drug
testing guidelines (IA cutoff of 50 ng/mL ∆9-THCCOOH;
confirmation cutoff of 15 ng/mL ∆9-THCCOOH). How-
ever, vaporization of CBD-dominant cannabis (10.5% CBD,
0.39% THC) at an acute dose of 100mg CBD and 3.7mg∆9-
THC produced true-positive drug test results for a subset of
study participants. This outcome is critically important given
that the THC concentration in the cannabis used in this study
is only slightly above the allowable concentration of THC in
hemp products in the USA (0.3% or less). Thus, there is rea-
sonable concern that large acute doses or frequent daily use
of hemp products containing concentrations of THC ≤0.3%
could result in an unexpected cannabis-positive urine drug test
in some individuals. This is consistent with results of a recent
clinical trial in which almost half of individuals taking a hemp
extract had a positive urine toxicology test after 4weeks of
daily use (5). Moreover, hemp/CBD product users should be
aware that some retail products marketed as having little or no
THC may contain ∆9-THC in concentrations that are greater
than those used in this study (4, 6, 16).

Another contribution of the present study was the detailed
excretion profile of primary CBD metabolites in urine. Across
all study conditions, the order of analyte abundance in
urine was 7-OH-CBD>CBD>7-CBD-COOH, and the 7-
CBD-COOH metabolite exhibited the longest t1/2 (∼30h
across inhaled routes and ∼52h across oral formulations).
Thus, following a single administration of 100mg CBD, 7-
CBD-COOH may be excreted over the course of several
days.

The present findings are important for CBD public health
messaging, especially for individuals who use over-the-
counter or commonly prescribed drugs in combination with
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CBD products (for reviews (17, 18)). For example, oral
administration of Epidiolex (5–25mg/kg/day) in combination
with the anti-seizure medication clobazam elicited, on aver-
age, a 500% increase in plasma concentrations of the active
metabolite norclobazam in subjects aged 4–19 years (19).
Both CBD and clobazam aremetabolized by cytochrome P450
(CYP) enzymes CYP2C19 and CYP3A4, which may explain
this drug–drug interaction (19). Future studies are needed
to evaluate the time course of potential adverse drug–drug
interactions following acute use of CBD products.

In light of in vitro evidence that CBD may degrade to ∆8-
and∆9-THC in simulated gastric fluid (7–9), the present study
evaluated the potential for conversion of CBD to ∆9-THC
or ∆8-THC following acute CBD administration in healthy
adults. However, only trace cannabinoids were detected in
a few samples, which likely reflect the detection of trace
cannabinoids in the placebo cannabis or residual cannabi-
noids from prior exposure. Between the vaporized and oral
routes and across oral formulations, all 702 specimens were
true negatives at the 50 and 100 ng/mL IA cutoffs for ∆9-
THCCOOH after administration of CBD alone (Table S3).
Thus, the present study found no evidence that CBD con-
verted to ∆8- or ∆9-THC after inhalation or oral ingestion
(three oral dose formulations).

The final key component of the present study was to evalu-
ate fasting versus fed conditions upon oral CBD dosing, since
fasting was hypothesized to create a highly acidic gastric envi-
ronment, increasing the likelihood that CBD that may be
degraded to ∆8- and ∆9-THC following oral ingestion (7).
Few effects of overnight fasting on CBD pharmacokinetics
were observed relative to the standard low-fat breakfast con-
dition; reasons for these null results vary but may include that
(I) the standard breakfast had a low fat content (II) only two
of the six participants received oral syrup in both the fasted
and non-fasted states, which introduced inter-subject variabil-
ity and (III) the oral syrup formulation yielded, on average,
the lowest CBD concentrations in urine relative to Epidiolex
or the capsule. Although there was no apparent evidence that
CBD converted to ∆8- or ∆9-THC following oral ingestion
in a fasting state, these data are inconclusive considering that
the oral syrup used in the overnight fasting experiment had
the least bioavailability of the three CBD formulations in this
study. Future studies are required to explicitly test the hypoth-
esis that dietary fats impact urinary CBD pharmacokinetics
and/or the likelihood that CBD that may be degraded to ∆8-
and ∆9-THC following oral ingestion, perhaps by evaluating
the effect of a high-fat meal and inclusion of a more optimal
CBD dose formulation.

Limitations of the present study warrant discussion. First,
between successive drug administration sessions, we identi-
fied several instances where low concentrations of CBD and/or
∆9-THCCOOH were detected at baseline. This suggests that
the previously administered CBD/∆9-THC dose may have
failed to be completely eliminated, necessitating a longer drug
wash-out period (e.g., >7 days) in future studies. Second, the
cannabis used here contained 0.39% ∆9-THC by dry weight,
which is narrowly above the limit mandated by the Agricul-
ture Improvement Act of 2018 in the USA (≤0.3% THC)
and was only administered via vaporization. However, the
CBD-dominant cannabis used here is currently legal in many
states of USA, Canada, Uruguay, and many other coun-
tries that have legalized cannabis use for medicinal and/or

non-medicinal purposes. Future studies should assess CBD-
dominant cannabis that meets the definition for hemp (≤0.3%
THC). Third, the oral syrup used in the present study was
optimized for lipophilic actives, which may have reduced
solubility of CBD (a lipid-soluble compound) and impacted
the CBD urinary pharmacokinetics results (20, 21). Fourth,
only one batch of CBD-dominant cannabis, type of vapor-
izer (Volcano Medic®), and dose of CBD/THC were included
in the present study, and only acute dosing sessions were
employed. Other delivery methods (e.g., handheld vapor-
izer, gummy edible product) could alter cannabinoid delivery
and warrant further exploration. Future studies employing
a greater range of CBD doses and routes of administra-
tion are needed, while chronic dosing studies are required
to better model the pattern of repeated CBD use that is
most typical of current use of these products. Fifth, sub-
jects did not consume a controlled amount of liquid, and
thus, dilution effects were not controlled between subjects.
However, dilution effects may be more ecologically valid
than dilution-normalized data since this reflects “real-world”
variation in urine dilution that may impact urine cannabis
drug testing outcomes. Lastly, although optimization experi-
ments in our laboratory supported the combined enzymatic
and base hydrolysis procedures, the order of enzyme and
base hydrolysis procedures was not evaluated in the present
study.

Conclusion
The present study characterized CBD pharmacokinetics
across two routes of administration (vaporized, oral) and
three oral formulations (capsule, syrup and Epidiolex). Gen-
erally, urinary CBD concentrations were higher following
oral versus vaporized cannabis administration, a finding that
is similar to what was previously demonstrated for THC
metabolites (22). Additionally, there was no evidence that
CBD converted to ∆8- or ∆9-THC across oral formulations,
which is discordant with in vitro studies. Importantly, these
data suggest that vaporizing CBD-dominant cannabis con-
taining ∼3.7mg ∆9-THC (10.5% CBD, 0.39% THC) can
produce a cannabis-positive drug screen at the 50 ng/mL
IA/15 ng/mL LC–MS-MS cutoff suggested by the Manda-
tory Guidelines for federal workplace drug testing. We high-
light novel directions for future controlled laboratory studies,
which are of immediate importance in light of the evolv-
ing retail CBD marketplace and increasing availability of
CBD-containing products.

Supplementary data
Supplementary data is available at Journal of Analytical
Toxicology online.
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