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BACKGROUND: There is increasing interest in markers of
recent cannabis use because following frequent cannabis in-
take, �9-tetrahydrocannabinol (THC) may be detected in
blood for up to 30 days. The minor cannabinoids cannabi-
diol, cannabinol (CBN), and THC-glucuronide were pre-
viously detected for �2.1 h in frequent and occasional
smokers’ blood after cannabis smoking. Cannabigerol (CBG),
�9-tetrahydrocannabivarin (THCV), and 11-nor-9-
carboxy-THCV might also be recent use markers, but their
blood pharmacokinetics have not been investigated. Addi-
tionally, while smoking is the most common administration
route, vaporization and edibles are frequently used.

METHODS: We characterized blood pharmacokinetics of
THC, its phase I and phase II glucuronide metabolites,
and minor cannabinoids in occasional and frequent can-
nabis smokers for 54 (occasional) and 72 (frequent)
hours after controlled smoked, vaporized, and oral can-
nabis administration.

RESULTS: Few differences were observed between smoked
and vaporized blood cannabinoid pharmacokinetics,
while significantly greater 11-nor-9-carboxy-THC
(THCCOOH) and THCCOOH-glucuronide concen-
trations occurred following oral cannabis. CBG and
CBN were frequently identified after inhalation routes
with short detection windows, but not detected follow-
ing oral dosing. Implementation of a combined THC
�5 �g/L plus THCCOOH/11-hydroxy-THC ratio
�20 cutoff produced detection windows �8 h after all
routes for frequent smokers; no occasional smoker was

positive 1.5 h or 12 h following inhaled or oral cannabis,
respectively.

CONCLUSIONS: Vaporization and smoking provide com-
parable cannabinoid delivery. CBG and CBN are recent-
use cannabis markers after cannabis inhalation, but their
absence does not exclude recent use. Multiple, compli-
mentary criteria should be implemented in conjunction
with impairment observations to improve interpretation
of cannabinoid tests.
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Cannabis continues to be the most commonly abused
drug worldwide (1 ) and the most frequently identified
drug in cases submitted to state and local laboratories in
the US (2 ). �9-Tetrahydrocannabinol (THC)4—the
primary psychoactive constituent—showed the largest
increase in US weekend nighttime driving prevalence
from 8.6% in 2007 to 12.6% in 2013–2014 (3 ), further-
ing public health and safety concerns.

THC metabolism produces the active metabolite
11-hydroxy-THC (11-OH-THC) (4, 5 ) followed by ox-
idation to 11-nor-9-carboxy-THC (THCCOOH). Peak
THC concentrations occur during smoking, with peak
11-OH-THC concentrations occurring close to smok-
ing, while THCCOOH concentrations peak �1–4 h
later (6 ). THC, 11-OH-THC, and THCCOOH were
detected in some chronic frequent cannabis smokers’
blood up to 30, 3, and �33 days during sustained, mon-
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itored abstinence (7 ). THC’s possible prolonged detec-
tion in frequent smokers’ blood creates difficulties in re-
sult interpretation, including driving under the influence
of drugs cases, since it may be detected beyond the win-
dow of acute impairment (8 ). Minor cannabinoids were
evaluated as recent use markers (9, 10); THC-glucuronide,
cannabidiol (CBD), and cannabinol (CBN) were de-
tected in frequent smokers’ blood up to 0.6, 0.5, and
2.1 h, respectively, after smoking a 6.8% THC, 0.25%
CBD, and 0.21% CBN cigarette (10 ).

Other minor cannabinoids such as cannabigerol
(CBG), �9-tetrahydrocannabivarin (THCV), and its
metabolite 11-nor-9-carboxy-THCV (THCVCOOH)
may also serve as recent use markers; however, their blood
pharmacokinetics have not been characterized, with pre-
vious identification only in cannabis smokers’ urine
(11–13).

While smoking is the most common cannabis ad-
ministration route, vaporization and consumption of
cannabis edibles are common. A survey showed that
29.8% of US adults aged �18 years ever consumed can-
nabis via “edibles or drinks” and 9.9% used a “vaporizer
or other electronic device,” respectively (14 ), indicating
the importance of characterizing multiple cannabis ad-
ministration routes.

An evaluation of the Volcano® Medic vaporization
device for cannabis administration demonstrated THC
delivery comparable to that from smoking (15 ). Follow-
ing use of the device by occasional-to-moderate cannabis
smokers, blood pharmacokinetics of multiple cannabi-
noids (16 ) were similar to previously published data after
smoking (9, 10 ). Cannabinoid pharmacokinetic data
following various oral administrations are available (17–
23); administered daily doses range from 0.39 (18 ) up to
90 (24 ) and 120 mg (21 ) THC. Direct comparisons of
cannabinoid whole blood pharmacokinetics, including
minor cannabinoids, following vaporized or oral doses to
those after smoked cannabis were never conducted.

The present study evaluated blood pharmacoki-
netics of THC, its phase I and phase II glucuronide
metabolites, and minor cannabinoids in frequent and
occasional smokers after smoked, vaporized, and oral
cannabis administration. Participants received every can-
nabis dose to permit direct comparisons between admin-
istration routes. Minor cannabinoids and recommended
and novel cutoffs were evaluated as indicators of recent
cannabis intake.

Materials and Methods

PARTICIPANTS

Healthy adults between ages 18 and 50 years were re-
cruited for this National Institute on Drug Abuse Intra-
mural Research Program Institutional Review Board–,
Federal Drug Administration–, and Drug Enforcement

Administration–approved study. Individuals received a
comprehensive medical and psychological evaluation. In-
clusion criteria included a mean self-reported cannabis
intake frequency �2� per month but �3� per week
(occasional smokers) or �5� per week (frequent smok-
ers) over the previous 3 months and a positive urine can-
nabinoid screen (frequent smokers). Exclusion criteria
included systolic blood pressure �140 mmHg, diastolic
blood pressure �90 mmHg, or heart rate �100 bpm;
clinically significant electrocardiogram abnormality; in-
ability to discontinue use of contraindicated medication;
physical dependence on any drug other than cannabis,
caffeine, or nicotine; medicinal cannabis use; medical
condition or history of neurological illness; history of
clinically significant cannabis adverse event; donation of
�450 mL blood within 8 weeks of study dosing; preg-
nant or nursing women; interest or participation in a
drug abuse treatment program within 90 days of study
dosing; and any history of food allergy or sensitivity to
gluten, dairy, egg, soy, and/or chocolate. Individuals pro-
vided written, informed consent before being admitted
to the study.

STUDY DESIGN

The study was randomized, double-blind, and placebo
controlled with a crossover and double-dummy design.
Participants entered the secure research unit approxi-
mately 19 h before dosing to preclude acute intoxication.
Cannabis cigarettes were obtained through the National
Institute on Drug Abuse. Active cigarettes [0.734 (0.05)
g] contained 6.9% (0.95%) (approximately 50.6 mg)
THC, 0.20% (0.01%) (approximately 1.5 mg) CBD,
and 0.44% (0.08%) (approximately 3.3 mg) CBN. Pla-
cebo cigarettes [0.713 (0.05) g] contained 0.001%
(0.000%) THC, no detectable CBD, and 0.004%
(0.000%) CBN. Throughout 4 dosing sessions, partici-
pants were administered one active or placebo cannabis-
containing brownie followed by one active or placebo
cigarette or one active or placebo vaporized ground can-
nabis dose (210 °C, Volcano Medic, Storz & Bickel). No
more than one active dose was administered per session
and the oral dose was followed by either smoking or
vaporization in 2 sessions each. Participants consumed
the oral dose ad libitum for 10 min followed by 10 min to
consume the smoked or vaporized dose ad libitum. Fre-
quent smokers remained on the unit up to 72 h postdose
and were required to leave the unit for �72 h before next
session admission to minimize acute withdrawal symp-
toms. Occasional smokers remained on the unit up to
54 h postdose but were allowed to remain on the unit for
multiple sessions; they were not dosed more frequently
than their self-reported intake frequency.

Oral cannabis doses were prepared with Duncan
Hines® Double Fudge brownie mix according to the
manufacturer’s instructions for cake-like brownies. Indi-
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vidual, equal portions of the wet batter were poured into
a muffin container. The contents of either an active or
placebo cigarette were ground, baked for 30 min at
121 °C in aluminum foil, and mixed into one individual
portion. Following baking and cooling, individual doses
were stored frozen, but allowed to thaw refrigerated over-
night before dosing.

Venous blood was collected through an indwelling
peripheral catheter into grey-top potassium oxalate (8 mg)/
sodium fluoride (10 mg) Vacutainer® tubes (BD) on
admission (�19 h); before initiation of smoking/va-
porization (�1.5 h); at smoking/vaporization initiation
(t � 0.00 h), then every 2 min for 12 min (t � 0.20 h); at
0.25, 0.50, 1.5, 2.5, 3.5, 5.0, 8.0, 10, 12, 14, 20, 26, 32,
38, 44, and 50 h after smoking/vaporization initiation for
all participants; at 54 h for occasional smokers only; and
at 56, 62, 68, and 72 h for frequent smokers only. Blood
was aliquoted into 3.6 mL Nunc® cryotubes (Thomas
Scientific) and stored at �20 °C until analysis.

WHOLE BLOOD ANALYSIS

Whole blood cannabinoids were quantified via a previ-
ously published LC-MS/MS method (25 ). Briefly, 0.2
mL whole blood was precipitated via acetonitrile, and
cannabinoids were extracted with disposable pipette ex-
traction (DPX) WAX-S tips (DPX Labs); a diluted ali-
quot of the organic phase was injected onto a 5500
QTRAP (SCIEX). Linear ranges were 0.5–100 �g/L for
THC and THCCOOH; 0.5–50 �g/L for 11-OH-THC,
CBD, CBN, and THC-glucuronide; 1–100 �g/L for
CBG, THCV, and THCVCOOH; and 5–500 �g/L for
THCCOOH-glucuronide. Interassay imprecisions were
�8.5% CV and recovered concentrations were 88.9%–
115% of target concentration.

DATA ANALYSIS

Differences in demographic data between groups were
evaluated with t-tests. Noncompartmental pharmacoki-
netic analyses were performed with Phoenix® WinNonlin®

6.4 for Windows (Pharsight Software). Analyses of max-
imum concentration (Cmax), baseline-adjusted Cmax

(baseline concentrations subtracted from postdose Cmax),
time to Cmax (tmax), last detection time (tlast), and AUC
up to 54 h or 72 h (AUC0354h, occasional smokers;
AUC0372h, frequent smokers) differences between ad-
ministrations were performed with SPSS® Statistics 20
for Windows (IBM). For analytes that were detected after
all administrations, differences were evaluated by
repeated-measures ANOVA with data from frequent and
occasional smokers analyzed separately. The Greenhous–
Geisser correction was used for sphericity violations. If a
significant overall dose effect was observed, planned Hel-
mert contrasts were performed; contrast 1 compares oral
dosing to the combined inhaled doses, contrast 2 com-
pares smoking and vaporization. For analytes only de-

tected after smoking and vaporization, paired-sample
t-tests were conducted. Group differences were evaluated
with separate repeated-measures ANOVA, with group
included as a between-subject factor; if a significant
dose–group interaction was observed group differences
after each administration were evaluated with t-tests. De-
tection times and rates were determined at recommended
and novel cutoffs. Missing data were excluded from
statistical evaluations. Significance was attributed to a
2-tailed P �0.05.

Results

PARTICIPANTS

Table 1 summarizes 11 frequent and 9 occasional canna-
bis smokers’ demographic information (ages 19–46
years, 75% male, 75% African American). Participant K
was originally recruited as an occasional cannabis smoker,
but reclassified as a frequent smoker because baseline and
postdose THC and metabolite concentrations were con-
sistent with published frequent smoker data (9, 10 ). Par-
ticipant H reported last use approximately 10 days before
session 1 admission, despite self-reporting smoking 5�
per week during screening; the participant reported
smoking within 0.6–18.7 h of admission to subsequent
sessions. Occasional smokers began smoking at a signifi-
cantly older age (P � 0.011), smoked on a significantly
fewer number of days out of the previous 14 (P � 0.001),
and smoked significantly less per smoking occasion (P �
0.021).

PHARMACOKINETIC EVALUATION

Overall 1632 blood samples (940 frequent, 692 occa-
sional) were collected. Because participant K was origi-
nally recruited as an occasional smoker, no specimens
were collected from 56 to 72 h. Fig. 1 depicts
concentration-time curves and Table 2 summarizes
THC, 11-OH-THC, THCCOOH, THCVCOOH,
and THCCOOH-glucuronide pharmacokinetic results.
Time to Cmax for these analytes occurred significantly
later after oral dosing than after inhaled doses in both
groups (Table 2, Helmert contrast 1). THC Cmax was
significantly lower after oral compared to inhaled doses
within each group (frequent, P � 0.001; occasional, P �
0.010). Conversely, both groups’ observed (frequent,
P � 0.005; occasional, P �0.001) and frequent smokers’
baseline-adjusted THCCOOH Cmax (P � 0.025) and
frequent smokers’ baseline-adjusted (P � 0.02) and oc-
casional smokers’ observed (P � 0.004) THCCOOH-
glucuronide Cmax after oral dosing were significantly
greater than after inhaled doses. 11-OH-THC Cmax (P �
0.016) and tlast (P �0.001) after oral dosing was signifi-
cantly greater and later in occasional smokers only. Sig-
nificant differences between smoking and vaporization
(Table 2, Helmert contrast 2) were only observed in fre-
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quent smokers; observed (P � 0.041) and baseline-
adjusted (P � 0.039) THC Cmax and baseline-adjusted
THCCOOH Cmax (P � 0.014) were significantly
greater after smoking. Baseline THCCOOH concentra-
tions were 10.0–78.1 �g/L before smoking sessions and
1.1–85.5 �g/L before vaporization sessions; baseline
THC concentrations were 0.7–5.3 �g/L and 0.6–4.9
�g/L, respectively.

At frequent smokers’ final collection time (72 h
postdose), 100%, 90.9%, and 100% of specimens were
THC positive after smoked, vaporized, and oral canna-
bis; concentrations were 0.5–4.3, 0.7–3.7, and 0.8–2.5
�g/L, respectively. In contrast, 100%, 100%, and 88.9%
of occasional smokers’ specimens were negative at the
final collection (54 h postdose) after smoked, vaporized,
and oral cannabis, respectively; one participant’s blood

Table 1. Demographic data and cannabis smoking histories for 11 frequent and 9 occasional smokers.

Participant Sex
Age,
years

Race
and

ethnicity
BMI,

kg/m2
Age at

first usea

Lifetime
years

smokeda

Cannabis
intake

frequencya

Time between
last use and
admissionb

Number of
days used
in last 14b

Mean joint
equivalents per

smoking
occasionb

Frequent smokers

A M 21 AAc 26.5 16 5 Daily 17.2 h 14 5

B M 22 AA 31.0 15 7 Daily 19.3 h 10 4

C M 19 AA 19.8 13 6 Daily 18.7 h 14 4

D F 23 AA 31.9 13 10 Daily 7.9 h 14 10

E M 38 AA 32.2 12 26 Daily 2.4 h 14 15

F F 29 AA 31.0 11 18 Daily 1.9 h 14 20

G M 38 AA 22.0 16 22 Daily 2.1 h 14 7

H M 34 AA 23.0 14 20 5×/Week 239.7 hd 2d 2d

I M 21 AA 25.0 11 10 Daily 0.7 h 14 5

J M 25 AA 19.0 13 12 5×/Week 5.8 h 14 2

K M 31 AA 16.8 15 16 2–3×/Weeke 5.1 he 4e 2.5e

Mean 27.4 25.3 13.5f 13.9 8.4 h 13.6f 8.0f

SD 6.9 5.6 1.8 6.9 7.8 h 1.3 6.0

Median 25.3 25.0 13.0 12.3 5.8 h 14.0 5.0

Occasional smokers

L M 24 AA 36.3 17 7 2×/Month 1.4 days 3 2

M M 21 AA 23.0 13 8 2×/Week 0.7 days 4 2

N M 25 W 24.2 21 4 2×/Week 13.0 days 1 3

O M 40 W 28.3 18 22 2×/Week 30.7 days 0 2

P F 46 AA 31.0 26 20 2×/Week 0.4 days 4 4

Q M 33 AA 30.7 16 17 2×/Month 22.8 days 0 3

R F 22 W 22.0 16 6 2×/Week 1.7 days 4 1

S F 22 W 23.0 14 8 2×/Week 1.1 days 10 2

T M 31 W 21.7 22 9 1–2×/Week 1.8 days 2 2

Mean 29.4 26.7 18.1f 11.3 8.2 days 3.1f 2.3f

SD 8.6 5.1 4.2 6.3 11.4 days 3.1 0.9

Median 24.9 24.2 17.0 8.5 1.7 days 3.0 2.0

P value 0.011 <0.001 0.021

a Data collected during screening.
b Data collected on admission to Session 1.
c AA, African American; W, white.
d Self-reported data on admission inconsistent with data received at screening. Data excluded from statistics.
e Self-reported data inconsistent with biological sample concentrations. Data excluded from statistics.
f Significant difference between groups.
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THC concentration 54 h after oral dosing was 0.6 �g/L.
Frequent smokers’ observed and baseline-adjusted THC
Cmax were significantly greater than occasional smokers’
after smoking (observed, P � 0.027; adjusted, P �
0.030) and vaporization (observed, P � 0.035; adjusted,
P � 0.048) only.

All frequent smokers’ specimens were �THCCOOH
limit of quantification (LOQ, 0.5 �g/L) and 100%, 90.9%,
and 100% were �THCCOOH-glucuronide LOQ (5.0
�g/L) 72 h after smoked, vaporized, and oral cannabis, re-
spectively. For occasional smokers, 66.7%, 55.6%, and
100% of specimens were THCCOOH positive at 54 h.
THCCOOH-glucuronide was �LOQ in 77.8%, 66.7%,
and 100% of occasional smokers after smoked, vaporized,
and oral doses, respectively; among those, THCCOOH-

glucuronide was detected at 54 h in 28.6%, 16.7% and
77.8% of participants. THCCOOH Cmax was significantly
higher in frequent as compared to occasional smokers re-
gardless of administration route (P �0.001). In contrast,
frequent smokers’ THCCOOH-glucuronide Cmax was sig-
nificantly greater following smoking (P � 0.001) and va-
porization (P � 0.003) only, but occasional smokers’
baseline-adjusted Cmax following oral dosing was signifi-
cantly greater (P � 0.019) than that of frequent smokers.

For 11-OH-THC, 90.9%, 81.8%, and 90.9% of
frequent smokers were negative 72 h after smoked, va-
porized and oral doses, respectively; tlast varied among
those participants (5.0–56, 2.5–38, and 5.0–50 h, re-
spectively). Occasional smokers’ 11-OH-THC tlast

[mean (range)] after smoking [1.7 (0.25–3.5) h] and va-

Fig. 1. Mean +SD blood cannabinoid concentrations from 11 frequent and 9 occasional cannabis smokers following administra-
tion of cannabis containing 6.9% THC via smoked, vaporized, and oral routes.
Shaded area designates 10-min smoking time. Dotted line is LOQ. Data presented on a log scale.
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porization [1.5 (0.25–3.5) h] were significantly shorter
than after oral dosing [14 (5.0–32) h, P � 0.004)]. Fre-
quent smokers’ observed (P � 0.003) and baseline-
adjusted 11-OH-THC Cmax (P � 0.015) were signifi-
cantly greater and tlast significantly later (P � 0.008) than
occasional smokers’, regardless of dose.

Frequent smokers’ THCVCOOH detection rates
were 45.5%, 63.6%, and 100% after smoked, vaporized,
and oral cannabis, respectively, while THCVCOOH was
detected in occasional smokers only after oral dosing
(88.9%). Observed concentrations were relatively low

(�3.4 �g/L) but remained �1.0 �g/L for prolonged times
(maximum tlast were 14–44 h). THCVCOOH was de-
tected on admission to �1 session in 63.6% of frequent
smokers (1.1–4.6 �g/L); 27.3% were THCVCOOH pos-
itive at baseline (1.2–1.9 �g/L).

Fig. 2 shows concentration-time curves and Table 3
summarizes CBD, CBN, CBG, and THCV pharmaco-
kinetic results, present only after smoked and vaporized
cannabis. Frequent smokers’ CBD, CBN, CBG, and
THCV detection rates were 100%, 100%, 100%, and
54.5%, respectively, after smoking and 90.9%, 100%,

Fig. 2. Mean +SD blood concentrations of minor cannabinoids from 11 frequent and 9 occasional cannabis smokers following
administration of cannabis containing 6.9% THC via smoked and vaporized routes.
Shaded area designates 10-min smoking time. Dotted line is LOQ. Data presented on a log scale. These analytes’ concentrations did not exceed
the LOQ after oral THC administration.
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Table 3. Summary of observed Cmax, tmax, tlast, and AUC0372 h (frequent smokers) or AUC0354 h (occasional smokers) after
smoked and vaporized cannabis administrations in 11 frequent and 9 occasional smokers for minor cannabinoids.a

Analyte and parameter n Smoking Vaporization t P

CBD frequent smokers 10

Cmax, μg/L 3.6, 2.9 (0.6–10.9) 3.0, 2.8 (1.1–6.0) 0.78 0.454

tmax, h 0.11, 0.12 (0.03–0.17) 0.08, 0.07 (0.03–0.13) 2.07 0.068

tlast, h 0.28, 0.25 (0.13–0.50) 0.23, 0.23 (0.13–0.50) 0.74 0.480

AUC0372 h, μg �h/L 0.6, 0.5 (0.0–1.7) 0.5, 0.4 (0.2–1.0) 0.85 0.418

CBD occasional smokers 5

Cmax, μg/L 1.8, 0.9 (0.6–5.4) 1.5, 1.5 (0.7–2.2) 0.39 0.719

tmax, h 0.09, 0.07 (0.07–0.13) 0.09, 0.10 (0.07–0.13) −0.34 0.749

tlast, h 0.15, 0.17 (0.10–0.20) 0.16, 0.17 (0.10–0.20) −0.24 0.821

AUC0354 h, μg �h/L 0.1, 0.1 (0.0–0.4) 0.2, 0.1 (0.1–0.3) −0.25 0.813

CBN frequent smokers 11

Cmax, μg/L 11.6, 9.1 (3.1–37.9) 7.1, 6.4 (0.8–16.1) 2.16 0.056

tmax, h 0.12, 0.13 (0.03–0.17) 0.09, 0.07 (0.07–0.13) 2.47 0.033

tlast, h 0.8, 0.5 (0.25–1.5) 0.5, 0.25 (0.25–1.5) 1.22 0.250

AUC0372 h, μg �h/L 2.7, 2.0 (0.5–7.1) 1.5, 1.0 (0.2–4.0) 2.50 0.031

CBN occasional smokers 8

Cmax, μg/L 4.0, 3.1 (0.7–13.5) 4.6, 4.1 (0.7–14.1) −0.28 0.786

tmax, h 0.11, 0.10 (0.07–0.17) 0.09, 0.09 (0.03–0.17) 0.76 0.472

tlast, h 0.36, 0.38 (0.13–0.50) 0.27, 0.25 (0.17–0.50) 1.09 0.311

AUC0354 h, μg �h/L 0.8, 0.7 (0.1–1.8) 0.6, 0.6 (0.0–1.4) 0.49 0.639

CBG frequent smokers 10

Cmax, μg/L 6.9, 5.1 (1.8–22.7) 3.0, 2.9 (1.5–5.0) 2.32 0.046

tmax, h 0.12, 0.13 (0.03–0.17) 0.08, 0.09 (0.03–0.13) 2.15 0.060

tlast, h 0.27, 0.25 (0.13–0.50) 0.16, 0.17 (0.10–0.25) 2.65 0.026

AUC0372 h, μg �h/L 1.2, 0.8 (0.2–3.7) 0.4, 0.3 (0.2–0.7) 2.51 0.033

CBG occasional smokers 5

Cmax, μg/L 3.0, 2.0 (1.4–8.1) 2.2, 1.7 (1.0–5.1) 0.54 0.621

tmax, h 0.10, 0.07 (0.07–0.17) 0.08, 0.07 (0.03–0.13) 0.73 0.508

tlast, h 0.15, 0.17 (0.10–0.20) 0.11, 0.10 (0.07–0.13) 1.80 0.147

AUC0354 h, μg �h/L 0.3, 0.2 (0.1–0.7) 0.1, 0.1 (0.0–0.3) 1.18 0.304

THCV frequent smokers 5

Cmax, μg/L 2.5, 2.1 (1.5–4.9) 1.7, 1.7 (1.4–1.9) 1.41 0.232

tmax, h 0.11, 0.10 (0.10–0.13) 0.06, 0.07 (0.03–0.10) 3.94 0.017

tlast, h 0.16, 0.17 (0.13–0.17) 0.11, 0.10 (0.07–0.11) 2.23 0.090

AUC0372 h, μg �h/L 0.3, 0.2 (0.1–0.4) 0.2, 0.2 (0.1–0.2) 1.66 0.172

THCV occasional smokers 1

Cmax, μg/L 2.8 1.2 – –

tmax, h 0.07 0.07 – –

tlast, h 0.07 0.07 – –

AUC0354 h, μg �h/L 0.1 0.0 – –

a Data are presented as mean, median (range). Paired-samples, t-statistics, and P values are reported. Only participants whose blood was positive for analytes after both cannabis
administrations were included in analyses. Bolded P values designate significance; these analytes’ concentrations did not exceed limit of quantification after oral cannabis
administration.
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90.9%, and 72.7%, respectively, after vaporization. Oc-
casional smokers’ CBD, CBN, CBG, and THCV detec-
tion rates were 66.7%, 88.9%, 77.8%, and 11.1%, re-
spectively, after smoking and 77.8%, 100%, 66.7%,
33.3%, respectively, after vaporization. Frequent smok-
ers’ CBD (P � 0.016), CBN (P � 0.032), and CBG
(P � 0.015) tlast were significantly later than occasional
smokers’ regardless of inhalation method.

THC-glucuronide detection rates after smoked, va-
porized, and oral cannabis were 44.4%, 0.0%, and
55.5%, respectively, for frequent smokers, and 0.0%,
0.0%, and 11.1%, respectively, for occasional smokers
(THC-glucuronide data not shown). Among frequent
users positive after smoking, THC-glucuronide was de-
tected at 0.50 h (0.5–1.1 �g/L, n � 4/9), and once each
at 0.25 h (0.5 �g/L) and on admission (0.8 �g/L). After
oral cannabis, frequent smokers’ THC-glucuronide Cmax

(0.6–1.2 �g/L, n � 5/9) occurred 1.5–3.5 h postdose.
The first positive samples were observed 1.5–2.5 h after
oral dosing and tlast occurred 2.5–5 h postdose. One oc-
casional smoker’s blood was THC-glucuronide positive
3.5 h after oral dosing (0.7 �g/L).

Recommended and novel cutoffs were evaluated for
identifying recent cannabis use (Fig. 3). At 72 h following
all doses, frequent smokers’ detection rates with THC
�1 and 2-�g/L cutoffs were 70%–80% and 11%–30%,
respectively; with a THC �5-�g/L cutoff, there were no
positive results 26, 20, and 12 h after smoking, vaporiza-
tion, and oral dosing, respectively. Occasional smokers’
detection times were shorter with THC �1–5-�g/L cut-
offs following smoking and vaporization since no blood
sample was positive at 1.5–5 and 1.5–3.5 h, respectively;
none were positive 20, 14, and 12 h after oral dosing with
THC �1, 2, or 5 �g/L, respectively. With a novel cutoff
THC/11-OH-THC ratio �1 plus THCCOOH/11-
OH-THC ratio �15, no frequent smoker was positive
20, 5, and 14 h after smoking, vaporization, and oral
dosing, respectively, while no occasional smoker was pos-
itive 5, 3.5, and 14 h. Finally, with a combined THC �5
�g/L plus THCCOOH/11-OH-THC �20, no fre-
quent smoker was positive 8 h after any administration;
no occasional smoker was positive 1.5 h after smoking or
vaporization or 12 h after oral cannabis.

Discussion

The main strengths of the study were that blood canna-
binoid pharmacokinetics following three cannabis ad-
ministrations were evaluated within the same partici-
pants; the cannabinoid panel was expanded to include
CBG, THCV, and THCVCOOH, improving result in-
terpretation; and inclusion of frequent and occasional
smokers provided the opportunity to characterize group
pharmacokinetic differences. Limitations include the
small study population, due to multiple drug administra-

tion sessions and residence on a closed research unit to
prevent cannabis self-administration. Additionally, the
study population was made up entirely of African Amer-
ican and white participants, which may limit the amount
of metabolic variability observed and generalizability of
the results. As medical and recreational cannabis access
expands, products with cannabinoid potencies greater
than the single potency investigated here may be avail-
able. Finally, e-cigarettes are an increasingly popular ad-
ministration route; although the pharmacokinetic profile
following e-cigarette use is expected to be similar to that
following inhalation, solvent effects, rapid and direct
heating from the battery, and direct delivery without a
balloon may affect cannabinoid delivery, requiring future
investigation.

Blood THC concentrations observed 0.25–0.50 h
after smoking initiation here were similar to those previ-
ously observed (9, 10 ). The occasional smokers’ THC
Cmax after vaporizing 800 mg cannabis (6.9% THC) was
more similar to those after controlled vaporized 500 mg
low (2.9% THC) than to high (6.7% THC) dose canna-
bis (without alcohol) in occasional-to-moderate cannabis
smokers (16 ). Differences in blood THC concentrations
between studies may be from differences in extent of
cannabis vaporized or self-titration. Most observed group
differences are consistent with previously observed differ-
ences following smoked cannabis (10 ). Occasional
smokers’ baseline-adjusted THCCOOH-glucuronide
Cmax was significantly greater than frequent smokers’
(P � 0.019) after oral dosing only, due to frequent smok-
ers’ high baseline concentrations with small concentra-
tion increases following dosing.

Differences between frequent smokers’ inhaled can-
nabis THC Cmax (observed and baseline-adjusted) and
baseline-adjusted THCCOOH Cmax were unexpected
based on previously published data showing comparable
THC delivery following smoked and vaporized cannabis
(15, 26 ). The conclusion by Hazekamp et al. (26 ) was
based on vaporizing an ethanolic THC solution, with
53% of the loaded dose delivered compared to 29% from
200-mg crude flower tops. Abrams et al. (15 ) adminis-
tered 450 mg cannabis via smoking or vaporization and
compared plasma THC AUC036h; participants used a
standardized smoking procedure and 2–3 balloon infla-
tions were required to vaporize the dose. In the present
study approximately 800-mg ground bulk cannabis was
vaporized once, possibly affecting vaporization efficiency
and the total available cannabinoid dose. Participants in-
haled doses ad libitum, resulting in variable cannabinoid
doses; however, ad libitum dosing may better reflect nat-
uralistic conditions. No differences in inhaled cannabis
doses were observed in occasional smokers, likely due to
similar dose titration.

Hypothesized differences between oral and inhaled
cannabis (lower THC Cmax and later tmax and tlast) were
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observed but some exceptions were noted; no significant
difference in occasional smokers’ THC tlast was observed.
Participant P had extended THC detection after smoked
(26 h) and oral (�54 h) administrations, and participant
S had extended THC detection after smoking (44 h).
Frequent smokers’ 11-OH-THC Cmax was not greatest
after oral cannabis, in contrast to occasional smokers,

likely due to their increased smoking efficiency. Finally,
observed frequent smoker THCCOOH-glucuronide
Cmax were not significantly different between routes be-
cause of high baseline concentrations (16.5–281 �g/L
across all sessions); significance was observed after ac-
counting for baseline concentrations (Table 2, Helmert
contrast 1; P � 0.002).

Fig. 3. Detection rates for 11 frequent and 9 occasional cannabis smokers utilizing 5 different cutoffs following administration of
cannabis containing 6.9% THC via smoked, vaporized, and oral routes.
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We also monitored the minor cannabinoids CBD,
CBN, CBG, THCV, and THCVCOOH in blood after
smoked, vaporized, and oral cannabis administrations.
Currently, THCV, THCVCOOH, and CBG human
data after cannabis use are available in urine only (11–
13, 27 ). Significant differences for CBN (P � 0.033)
and THCV (P � 0.017) tmax between inhaled doses in
frequent smokers were observed; however, all tmax oc-
curred before the end of inhalation. Frequent smokers’
significantly greater CBG Cmax (P � 0.046) and later tlast

(P � 0.026) after smoking compared to vaporization was
possibly due to inefficient CBG volatilization during vapor-
ization. CBD and CBN tlast after smoking and vaporization
here are similar to those observed in previous smoked
(9, 10) and vaporized (16) administration studies; percent
positive participants were greater in the present study due to
the lower LOQ (0.5 vs 1.0 �g/L).

THCV is not present in synthetic dronabinol prep-
arations (27 ). THCVCOOH was detected in urine after
participants smoked cannabis containing THCV but not
after dronabinol (28 ). In the present study, 63.6% of
frequent smokers were THCVCOOH positive on ad-
mission, slightly �50% previously observed (13 ).
THCV had the lowest detection rate among frequent and
occasional smokers with only 5 and 1 participants, re-
spectively, positive after both smoking and vaporization.
THCV was detected in slightly more participants after
vaporization, possibly indicating stability at lower vapor-
ization temperatures. This hypothesis is supported by the
THCVCOOH results: it was detected in 69.6% of frequent
smokers after vaporization and 45.5% after smoking.

Based on our data, 3 groups of recent use markers
were identified. THCVCOOH is not a useful marker
due to its prolonged detection time after all administra-
tions. THCV and THC-glucuronide are useful if found;
detection rates were �72.7% and �45.5% overall, re-
spectively. Thus, failure to detect these analytes does not
preclude recent cannabis intake. Finally, CBG and CBN
had the highest detectability and short detection win-
dows, but were not observed after oral dosing. The value
of CBD as a recent use marker cannot be determined
currently without investigations of high-potency CBD
cannabis, a newly available medicinal cannabis product.
These groupings are based on free cannabinoid concen-
trations since blood was not hydrolyzed before analysis.

11-OH-THC, CBD, CBN, and THC-glucuronide
were suggested as potential recent use markers in blood
(7, 9, 10 ), identifying intake within approximately 2 h
after smoking if detected. Here, frequent smokers’ detec-
tion times were �72 h with THC cutoffs �1–2 �g/L,
complicating interpretation. If the THC cutoff was in-
creased to �5 �g/L, frequent smokers’ detection times
were reduced to 12–26 h, although no occasional smoker
was positive 1.5 h after smoking or vaporization, demon-
strating a highly limited detection window at this cutoff.

With a THC/11-OH-THC �1 plus THCCOOH/11-
OH-THC �15 cutoff all participants were negative
within 24 h. This cutoff has value in drug monitoring or
treatment compliance programs because it can discrimi-
nate intake during the previous day from intake several
days earlier, and is applicable to both smoking groups. A
combined THC �5 �g/L plus THCCOOH/11-OH-
THC �20 cutoff produced detection windows �8 h for
frequent smokers regardless of route, which has applica-
tions in driving under the influence of drugs settings.
This cutoff was less effective for occasional smokers be-
cause all samples were negative by 1.5 h following smok-
ing and vaporization. A THC �1 �g/L cutoff could be
useful for occasional smokers (participants were negative
by 3.5–5 h after smoking and vaporization but 14 h after
oral dosing); however, dose and smoking history are not
typically known. Differences between frequent and occa-
sional smokers’ cannabinoid pharmacokinetics suggest
that no one criterion studied to date is capable of identifying
cannabis use within a single timeframe for smokers of all
frequencies and after all administration routes. Therefore,
blood cannabinoid results should be interpreted with mul-
tiple, complimentary criteria—presence of minor cannabi-
noids, THC concentrations, and analyte ratios—in con-
junction with any impairment observations.

In summary, we quantified THC, its phase I and
glucuronidated phase II metabolites, and minor canna-
binoids in blood after smoked, vaporized, and oral can-
nabis to frequent and occasional smokers. Minimal dif-
ferences between smoked and vaporized cannabis
administrations were observed, supporting previous con-
clusions that vaporization provides comparable cannabi-
noid delivery. CBG and CBN are recent-use cannabis
markers after inhalation; however, they were not detected
following oral cannabis administration. Analyte concen-
tration ratios are a complementary method for identify-
ing recent cannabis use. Additional studies administering
high-potency THC and CBD cannabis via inhaled or
other edible preparations are needed.
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