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IMPORTANCE The rapidly growing legal cannabis market includes new and highly potent

products, the effects of which, to our knowledge, have not previously been examined in
biobehavioral research studies because of federal restrictions on cannabis research.

Supplemental content

OBJECTIVE To use federally compatible, observational methods to study high-∆9-

tetrahydrocannabinol (THC) legal market forms of cannabis.
DESIGN, SETTING, AND PARTICIPANTS In this cohort study with a between-groups design that
was conducted in a community and university setting, cannabis flower users and concentrate
users were randomly assigned to higher- vs lower-THC products within user groups.
Participants completed a baseline and an experimental mobile laboratory assessment that
included 3 points: before, immediately after, and 1 hour after ad libitum legal market flower
and concentrate use. Of the 133 individuals enrolled and assessed, 55 regular flower cannabis
users (41.4%) and 66 regular concentrate cannabis users (49.6%) complied with the study’s
cannabis use instructions and had complete data across primary outcomes.
EXPOSURES Flower users were randomly assigned to use either 16% or 24% THC flower and
concentrate users were randomly assigned to use either 70% or 90% THC concentrate that
they purchased from a dispensary.
MAIN OUTCOMES AND MEASURES Primary outcome measures included plasma cannabinoids,
subjective drug intoxication, and neurobehavioral tasks testing attention, memory, inhibitory
control, and balance.
RESULTS A total of 121 participants completed the study for analysis: 55 flower users (mean
[SD] age, 28.8 [8.1] years; 25 women [46%]) and 66 concentrate users (mean [SD] age, 28.3
[10.4] years; 30 women [45%]). Concentrate users compared with flower users exhibited
higher plasma THC levels and 11-hydroxyΔ9-THC (THC’s active metabolite) across all points.
After ad libitum cannabis administration, mean plasma THC levels were 1016 (SE = 1380)
μg/mL in concentrate users (to convert to millimoles per liter, multiply by 3.18) and 455
(SE = 503) μg/mL in flower users. Most neurobehavioral measures were not altered by
short-term cannabis consumption. However, delayed verbal memory (F1,203 = 32.31; P < .001)
and balance function (F1,203 = 18.88; P < .001) were impaired after use. Differing outcomes
for the type of product (flower vs concentrate) or potency within products were not
observed.
CONCLUSIONS AND RELEVANCE This study provides information about the association of
pharmacological and neurobehavioral outcomes with legal market cannabis. Short-term use
of concentrates was associated with higher levels of THC exposure. Across forms of cannabis
and potencies, users’ domains of verbal memory and proprioception-focused postural
stability were primarily associated with THC administration.
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s of early 2020, 33 states have legalized medical cannabis and 11 states and the District of Columbia have
legalized recreational cannabis. The rapidly growing legal market has produced the demand for and availability of various products that may pose substantial public health risks but,
to our knowledge, have previously not been considered in
biobehavioral research because of federal restrictions on
cannabis research.
The Cannabis sativa L plant contains hundreds of phytocannabinoids, but most important to public health is the psychoactive cannabinoid Δ9-tetrahydrocannabinol (THC). The
average flower potency for legal market strains in Colorado is
16% to 19% THC, with strains of up to 30% THC commonly
available,1,2 and the use of concentrated forms of cannabis is
increasing.3,4 Concentrates are made by extracting plant cannabinoids into a form with a much higher THC concentration5
(eg, 80%-90%6). To our knowledge, there are virtually no data
on the relative risks associated with use of these higherstrength products.

THC Blood Levels and Subjective Drug Effects

Recent reviews have suggested that current higher-potency
cannabis may lead to more intoxication and impairment.7
Numerous studies suggest that cannabis is associated with a
short-term increase in intoxication and positive mood but
also may increase negative moods, such as tension and negative affect,8-11 generally following a dose-dependent function
based on THC potency.12,13 More recent studies have similarly
found that short-term cannabis use increases subjective
positive effects, such as feeling “high”14,15 even when using
a balanced placebo design to control for participant drug
expectancies.16,17
When considering the association of THC blood levels
with cannabis intoxication, older18,19 and more recent work
supports a titration model (ie, individuals self-titrate to consume less cannabis as THC potency increases).20-22 However,
blood THC levels and subjective intoxication ratings increase
as a function of THC in the product, suggesting that despite
titration, users can still experience greater intoxication—and
potentially greater harms—from higher-potency cannabis.21
In addition, as THC is rapidly metabolized into its active metabolite 11-hydroxyΔ9-THC (11-OH-THC),23 measuring this metabolite along with THC is relevant to total THC exposure and
short-term intoxication.

Neurobehavioral Effects

Studies have demonstrated negative short-term and longterm neurobehavioral effects of cannabis,24 including harmful cognitive25-28 and motor effects, especially associated with
verbal recall, selective attention,29,30 and inhibitory motor
control.31 Over time, THC exposure may confer negative associations with brain regions associated with the control of
coordinated movement,32 and deficits in brain activation
in motor control regions that persist beyond short-term
intoxication.33 Importantly, to our knowledge, none of these
effects have been tested with legal market products.
The existing literature is limited by the use of low-THC
products and drug administration approaches that do not
E2

Key Points
Question What is the association of legal market cannabis flower
and concentrates with cannabis intoxication and neurobehavioral
impairment?
Findings In this cohort study of 121 cannabis flower users and
concentrate users randomly assigned to higher- vs lower-THC
products within user groups, use of legal market cannabis
concentrates (ranging from 70%-90% tetrahydrocannabinol
[THC]) produced significantly higher THC blood plasma levels
compared with use of legal market cannabis flower (ranging from
16%-24% THC). Despite differences in THC exposure, flower and
concentrate users showed similar neurobehavioral patterns after
acute cannabis use and the domains of verbal memory and
proprioception-focused postural stability for both groups were
associated with THC.
Meaning Use of cannabis concentrates was associated with
higher THC exposure and potentially greater risk, but differences
in short-term subjective and neurobehavioral impairments did not
track specifically with strength of the cannabis consumed.

reflect legal market cannabis use.9 For example, the use of
low-potency cannabis cigarettes with a standardized puffing procedure14,18 controls dosing but may not translate directly
to real-world cannabis use. Laboratory studies emphasizing internal validity are important, but it is critical that the knowledge
base also include studies emphasizing external validity.

Current Study

This study addresses these limitations with a mobile laboratory and naturalistic administration of legal market flower
(either 16% or 24% THC) and concentrates (either 70% or 90%
THC). We assessed outcomes after ad libitum use to answer the
following questions:
1. How is short-term use of legal market cannabis flower and
concentrates associated with THC plasma levels, subjective intoxication and mood, cognitive performance, and
balance?
2. Do these associations differ between flower and concentrate users?
3. Do these associations differ by THC potency within the
form of cannabis (16% vs 24% flower or 70% vs 90% concentrate)?
We hypothesized that concentrates would be associated
with greater THC plasma levels, subjective intoxication,
and neurobehavioral impairment compared with flower use
but did not expect potency differences based on prior work
supporting titration.

Methods
Participants

The study was approved by the University of Colorado–
Boulder institutional review board. Participants were recruited using social media postings and mailed flyers advertising to either flower or concentrate users. Participants
provided written informed consent and were compensated for
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their time and effort during baseline ($50) and mobile laboratory
appointments($100).Fundswerenotprovidedforthepurchaseof
state legal market cannabis. The study was registered as an observational study in ClinicalTrials.gov (NCT03522103) and the
study protocol is included in Supplement 1.
Trained research staff screened participants via telephone. The criteria for inclusion were:
1. Age between 21 and 70 years.
2. Used cannabis at least 4 times in the past month.
3. Prior use (at least once by self-report) of the highest potency of cannabis that could be assigned in the study (24%
THC flower or 90% THC for concentrate) with no adverse
reaction.
4. No other non–prescription drug use in the past 60 days as
confirmed with urine toxicology screening results.
5. No daily tobacco use.
6. Drinking 2 times or fewer per week and 3 drinks or fewer
per occasion.
7. Not pregnant (verified via pregnancy test results) or trying
to become pregnant.
8. Not receiving treatment for psychotic disorder or bipolar
disorder.

experiment. At this appointment, participants self-reported
whether they purchased their study product and also provided a receipt to verify their purchase to the research staff.
At the first assessment (preuse), participants completed a
breath alcohol test and the primary outcome measures (described later; additional details are provided in the eMethods
in Supplement 2) then returned home to use their study cannabis ad libitum through their preferred mode of administration. Participants weighed their product before and after use
(Table 1). After use (mean [SD] total time away from mobile lab,
13.3 [7] minutes; range, 3-47 minutes1), they returned to the
mobile laboratory to complete the outcome measures while
intoxicated in the short term (short-term postuse). Individuals generally centered around the mean of 13 minutes and only
3 individuals were away from the mobile laboratory for more
than 24 minutes (specifically, 30, 32, and 47 minutes). Removing the outlier who was away from the mobile laboratory for
47 minutes from the models did not change any of the patterns of significant or nonsignificant results presented. They
remained in the mobile laboratory until 1 hour after using their
product and then completed the measures a final time (1 hour
postuse).

Baseline Appointment

Primary Measures

Participants were instructed not to use cannabis on the day of
their baseline appointment, which took place on campus (University of Colorado, Boulder). A breathalyzer and urinalysis test
were administered to test for alcohol and other drug use, respectively. Participants completed questionnaires on demographics, lifestyle, substance use, and medical history and underwent
a blood draw, completed self-report measures of subjective drug
effects, and completed neurobehavioral tests. The demographics form asked participants to classify their race. Options were
defined by the investigator, including an “other” option. Race
was considered only as a baseline variable to compare across
groups but was not included in any analyses.
Before leaving the appointment, participants were randomly assigned to a potency condition based on a randomnumber table generated by the study statistician and asked to
purchase the assigned product at a local dispensary (The Farm;
https://thefarmco.com/). Specific allotments of the 2 different
flower and concentrate products were set aside for research
participants to purchase. Flower users were randomized to
purchase 3 g of either strain A (16% THC) or strain B (24% THC)
flower. Concentrate users were randomized to purchase 1 g
of either concentrate A (70% THC) or concentrate B (90% THC).
Consistent with State of Colorado requirements, the THC
potency of each study product was labeled following testing in
an International Organization of Standards 17025–accredited
laboratory.

Experimental Appointment

Between the baseline and experimental sessions, there was a
5-day ad libitum use period during which participants could
familiarize themselves with their study cannabis. On the fifth
day, the mobile laboratory traveled to the participant’s place
of residence for the experimental appointment. Participants
were asked to abstain from using cannabis that day before the

Blood Cannabinoids
A certified phlebotomist collected 32 mL of blood using standard, sterile phlebotomy techniques, which was stored on ice
in the mobile laboratory. On return to the laboratory, plasma
was separated from erythrocytes by centrifugation at 400g for
15 minutes, transferred to a fresh microcentrifuge tube, and
stored at −80 °C. Plasma samples were sent to the iC42 Laboratory at the Anschutz Medical Campus (Colorado). In total,
we quantified concentration of THC, 11-OH-THC (direct and active THC metabolite), and 11-nor-9-carboxy-Δ9-THC (inactive
and stable THC metabolite, analyzed at baseline only23) using
validated high-performance liquid chromatography/mass spectroscopy (API550034). Another primary outcome in the larger
study, change in inflammation markers from before to after
cannabis associated with THC and cannabidiol blood levels,
will be reported elsewhere.
Subjective Intoxication and Mood
Subjective cannabis intoxication was determined using the 12item Addiction Research Center Inventory–marijuana (ARCI-M)
effects scale.35-37 Three additional cannabis intoxication items
were assessed, mentally stoned, physically stoned (5-point
scale), and feeling high (1 to 10), forming a 3-item cannabis
intoxication scale (Cronbach α = .69).38 A modified Profile of
Mood States (POMS39) questionnaire assessed state affect
consistent with prior cannabis research40 and included the
POMS vigor (eg, elated) and tension (eg, anxious) subscales;
items were on a 5-point Likert-type scale, with responses ranging from not at all to extremely.

Neurobehavioral Outcomes
Cognition
Participants completed 4 cognitive tasks in domains that have
been associated with cannabis use,38,41-43 including a 30(Reprinted) JAMA Psychiatry Published online June 10, 2020
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Table 1. Sample Demographics and Baseline Characteristics by Form and Potency of Cannabis User Groups
Characteristic
Demographics
Age, mean (SD), y

Flower overall
(n = 55)

Flower, 24% THC
(n = 29)

Flower, 16% THC
(n = 26)

Concentrate, 90%
THC (n = 31)

Concentrate, 70%
THC (n = 34)

28.76 (8.1)

28.31 (9.3)

29.27 (6.7)

28.26 (10.4)

26.42 (5.4)

29.94 (13.3)

23 (42)

12 (41)

11 (42)

31 (48)

15 (48)

16 (47)

Marital status, married, No. (%)

9 (16)

6 (21)

3 (12)

8 (12)

5 (16)

3 (9)

Education, bachelor’s degree or
higher, No. (%)
Employment, full-time No. (%)

35 (64)

18 (62)

17 (65)

29 (45)

13 (42)

16 (47)

23 (42)

11 (38)

12 (46)

32 (49)

15 (48)

17 (50)

Race, white, No. (%)

43 (78)

22 (76)

21 (81)

51 (79)

20 (65)d

31 (91)d

2 (4)

1 (3)

1 (4)

8 (12)

5 (16)

3 (9)

20.04 (6.6)

20.37 (6.1)

19.68 (7.3)

17.73 (5.7)

16.65 (2.8)

18.81 (7.4)

3.49 (7.9)b

4.83 (9.2)

1.78 (5.6)

16.49 (11.1)d

16.19 (10.3)

16. 76 (11.8)

20.55 (10.0)

22.27 (8.3)

18.44 (11.6)

15.40 (10.7)

15.06 (10.3)

15. 71 (11.3)

2.96 (2.7)

3.32 (2.7)

2.58 (2.6)

3.09 (2.1)

3.19 (2.2)

3.0 (2.1)

Women, No. (%)

Prescribed psychiatric
medications, No. (%)
Cannabis history and use measures
Age at onset of regular cannabis
use, mean (SD), y
Days of concentrate use,a mean
(SD) (past 30 d)
Days of flower use,c mean (SD)
(past 30 d)
Cannabis use disorder symptoms,
No. (%)
Baseline plasma THC, μg/mL
Baseline plasma 11-OH-THC,
μg/mL
Baseline plasma THC-COOH,
μg/mL
Other substance use and
psychological factors
Days of alcohol use,b mean (SD)
(past 30 d)
Days of tobacco use,b mean (SD)
(past 30 d)
AUDIT total, No. (%)

d

a

13.9 (21.0)

13.87 (16.5)

12.97 25.4)

29.37 (34.5)

30.28 (40.9)

28.52 (27.9)

5.19 (9.0)

5.01 (7.2)

5.40 (10.7)

10.76 (16.1)

11.82 (20.0)

9.75 (11.3)

d

d

44.05 (64.5)

43.46 (53.6)

44.71 (76.0)

86.93 (82.6)

78.4 (80.7)

94.7 (84.8)

7.44 (7.9)

8.62 (8.8)

6.08 (6.6)

8.97 (6.2)

8.55 (6.1)

9.35 (6.3)

.48 (2.0)

.21 (.9)

.8 (2.8)

1.83 (5.5)

2.29 (6.3)

1.41 (4.8)
6.03 (4.1)

5.38 (3.13)

5.36 (2.9)

3.45 (.7)

6.62 (4.8)

7.26 (5.5)

Depression (BDI total), No. (%)

4.26 (5.3)

3.96 (3.7)

4.58 (6.6)

6.42 (6.1)

6.77 (5.8)

6.09 (6.5)

Anxiety (BAI total), No. (%)

4.85 (4.9)

5.41 (5.0)

4.23 (4.9)

5.77 (5.8)

5.16 (4.2)

6.32 (7.0)

.22 (.18)d

.24 (.21)

.19 (.15)

.11 (.14)a

.10 (.1)

.13 (.18)

31 (91)

Cannabis use during ad libitum
administration
Grams used during experimental
appointment,e mean (SD)
Mode of ad libitum
administration, No. (%)
Glass rig/tube

NA

NA

NA

60 (92)

29 (94)

Hash pen

NA

NA

NA

5 (8)

2 (6)

3 (9)

Joint

4 (7)

2 (7)

2 (8)

NA

NA

NA

Bong

17 (31)

10 (35)

7 (27)

NA

NA

NA

Pipe

28 (51)

14 (48)

14 (54)

NA

NA

NA

Vaporizer

6 (11)

3 (10)

3 (12)

NA

NA

NA

Abbreviations: 11-OH-THC, 11-hydroxyΔ9-THC; AUDIT, alcohol use disorders
identification test; BAI, back anxiety inventory; BDI, Beck Depression
Inventory-II; NA, not applicable; THC, tetrahydrocannabinol; THC-COOH,
tetrahydrocannabinol caroxylic acid.

group, baseline demographics data were unavailable, so n = 120 in the Table,
while n = 121 participants were included in the analysis.
c

Of the 10 participants (8.3%) endorsing psychiatric medications, 6 (5.0%)
endorsed medications for mood/anxiety, 2 (1.6%) endorsed medications for
attention-deficit/hyperactivity disorder (ADHD), and 2 (1.7%) endorsed
medications for mood/anxiety and ADHD. Additionally, 12 participants (10.0%)
(flower, 4 [3.3%]; concentrates, 8 [6.7%]) reported medications for the
following nonpsychiatric conditions: gastrointestinal tract conditions (6
[5.0%]), blood pressure (5 [4.2%]), and pain (3 [2.5%]) (with 2 participants
reporting medications for multiple nonpsychiatric problems).

d

P < .01.

e

Participants brought our scale into their home to measure the amount of study
cannabis used during the experimental appointment.

SI conversion factors: To convert to millimoles per liter for TCH, multiply by 3.18.
a

Using a 30-day timeline follow-back (TLFB), also note that some TLFB data
were missing for the flower users (total flower, 41; 24%, 23; 16%, 18).

b

P < .001. Other than a difference in race between the 2 concentrate groups
(P < .01), no significant differences emerged when comparing the potency
groups within each user group (16% vs 24% flower or 70% vs 90%
concentrate), including the amount used during the experimental
appointment, suggesting that random assignment to potency within each
form of cannabis was successful. Note that for 1 individual in the concentrates

minute delayed verbal recall memory assessed by the International Shopping List Task44 and working memory, episodic
memory, and inhibitory control assessed by 3 tasks from the
National Institutes of Health toolbox.45
E4

Concentrate
overall (n = 65)

Balance Function
A smart device-based measurement of quiet standing balance under 3 different conditions was used to impose varying challenges on the proprioceptive and neuromuscular sys-
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Table 2. Means, Standard Errors, and Results From Mixed-Effect Models, Repeated Measures of Analyses of Variance,
and Testing of Main and Interaction Effects of Change and Form
Mean (SE)
Flower
Measurea
Cannabinoids

Concentrates

Preuse

Short-term use

1 h Postuse

Preuse

Short-term use

1 h Postuse

THC

4.33 (26.50)

11-OH-THC

1.13 (1.12)

142.99 (26.74)

14.61 (28.04)

9.97 (24.60)

319.61 (24.41)

32.10 (25.19)

5.27 (1.13)

3.56 (1.18)

3.73 (1.04)

11.44 (1.03)

Subjective drug
effects
ARCI-marijuana 0.17 (0.03)
effects scale
Tension
0.35 (0.07)

8.21 (1.06)

0.53 (0.03)

0.47 (0.03)

0.20 (0.02)

0.50 (0.02)

0.41 (0.02)

0.60 (0.07)

0.40 (0.07)

0.36 (0.06)

0.38 (0.06)

0.22 (0.06)

Vigor

1.29 (0.11)

1.83 (0.12)

1.66 (0.12)

0.98 (0.10)

1.56 (0.10)

1.25 (0.11)

Intoxication

0.08 (0.08)

2.40 (0.08)

1.93 (0.08)

0.14 (0.08)

2.35 (0.08)

1.63 (0.08)

99.20 (2.00)

101.45 (2.02)

104.38 (2.02)

96.13 (1.84)

99.37 (1.83)

100.63 (1.83)

110.37 (2.47)

112.04 (2.49)

114.32 (2.49)

111.49 (2.28)

113.52 (2.27)

115.19 (2.27)

107.50 (1.58)

107.68 (1.59)

113.89 (1.59)

105.33 (1.45)

110.35 (1.44)

112.37 (1.44)

0.65 (0.30)

2.21 (0.31)

1.88 (0.39)

0.90 (0.28)

1.50 (0.28)

2.33 (0.28)

Eyes open

0.46 (0.03)

0.51 (0.03)

0.47 (0.03)

0.47 (0.03)

0.49 (0.03)

0.48 (0.03)

Eyes closed

0.63 (0.04)

0.73 (0.04)

0.63 (0.04)

0.64 (0.03)

0.69 (0.03)

0.64 (0.03)

Eyes closed,
head back
Measure

0.73 (0.04)

0.75 (0.04)

0.65 (0.04)

0.73 (0.04)

0.70 (0.04)

0.69 (0.04)

Cognition
Inhibitory
control
(flanker)
Episodic
memory
(picture)
Working
memory
Verbal recall
errors
(shopping list)
Balance

Time effects for preuse, short-term postuse,
and 1 h postuse

Cannabis form effects (ie, flower vs concentrate groups)
Form ×
linear
change

P
value

Form ×
quadratic
change

Linear effect

P value

Quadratic
effect

THC

F1,231 = 0.20

.65

F1,231 = 104.50<.001

F1,228 = 11.00 <.01

F1,228 = 0.04 .84

F1,228 = 15.07 <.001

11-OH-THC

F1,231 = 17.00

<.001

F1,231 = 41.06 <.001

F1,228 = 46.82 <.001

F1,228 = 1.60 .21

F1,228 = 3.76 .05

Subjective drug
effects
ARCI-marijuana F1,235 = 177.22 <.001
effects
Tension
F1,232 = 1.23
.27

F1,235 = 153.01<.001

F1,233 = 1.84

.18

F1,233 = 6.37 .01

F1,233 = 0.33 .56

<.01

P value

Form effect

P value

P value

Cannabinoids

F1,232 = 12.13 <.001

F1,230 = 9.90

F1,230 = 3.09 .08

F1,230 = 2.43 .12

Vigor

F1,224 = 18.67

<.001

F1,224 = 49.86 <.001

F1,222 = 34.38 <.001

F1,222 = 0.09 .77

F1,222 = 0.35 .56

Intoxication

F1,232 = 589.78 <.001

F1,232 = 599.26<.001

F1,230 = 2.57

F1,230 = 6.66 .01

F1,230 = 0.35 .56

F1,232 = 26.69

<.001

F1,232 = 0.12

.73

F1,229 = 21.16 <.001

F1,229 = 0.14 .71

F1,229 = 0.71 .40

F1,226 = 3.47

.06

F1,226 = 0.01

.93

F1,223 = 1.03

.31

F1,223 = 0.16 .69

F1,223 = 0.01 .93

F1,234 = 42.65

<.001

F1,234 = 0.36

.55

F1,231 = 0.16,

.69

F1,231 = 0.01 .93

F1,231 = 5.76 .02

F1,203 = 32.31

<.001

F1,203 = 1.59

.21

F1,200 = 0.20

.65

F1,200 = 0.02 .89

F1,200 = 5.18 .02

Eyes open

F1,203 = 0.93

.34

F1,203 = 3.89

.05

F1,200) = 0.04

.85

F1,200 = 0.43 .51

F1 200 = 0.09 .77

Eyes closed

F1,203 = 0.00

.98

F1,203 = 18.88 <.001

F1,200 = 0.04

.85

F1,200 = 0.17 .68

F1,200 = 1.49 .22

Eyes closed,
head back

F1,203 = 2.77

.10

F1,203 = 1.41

F1,200 = 0.03

.86

F1,200 = 2.86 .09

F1,200 = 1.62 .20

.11

Cognition
Inhibitory
control
(flanker)
Episodic
memory
(picture)
Working
memory
Verbal recall
errors
(shopping list)
Balance

.24

Abbreviations: 11-OH-TCH; 11-hydroxyΔ9-THC; ARCI, Addiction Center Research Inventory; THC, tetrahydrocannabinol.
a

For each measure, models included the baseline measures as a covariate.
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Figure 1. Blood Levels by Cannabis Form and Potency During Acute Mobile Laboratory Session
A Changes in blood THC levels

B
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Assessment
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A, Changes in blood tetrahydrocannabinol (THC) (μg/mL [to convert to
micromoles per liter, multiply by 3.18]) (A) and blood THC metabolite
11-Hydroxy-Δ9-THC (11-OH-THC) levels (μg/mL) (B) before cannabis use
(preuse), immediately after cannabis use (acute postuse), and 1 hour postuse.
A. Baseline median = 9.5; range = 0.0 to 158.5. B, Baseline median = 3.4;
range = 0.0 to 94.6. For form, dashed lines indicate flower groups (16%, 24%)
and solid lines indicate concentrate groups (70%, 90%). For potency, blue lines

indicate lower potency within each form (16% flower, 70% concentrate) and
orange lines indicate higher potency (24% flower, 90% concentrate). Across
both forms of cannabis, THC and 11-OH-THC were acutely elevated after
cannabis administration. The concentrates group had higher levels of the 2
cannabinoids across all assessments, as well as a stronger quadratic effect for
THC (ie, a higher relative peak at the acute assessment).

tems. These were eyes open, eyes closed, and eyes closed with
head tilted back (eMethods in Supplement 2).

[1107] ng/mL), suggesting they had not followed study instructions to use their cannabis in their home and immediately return to the mobile laboratory. Therefore, a total of 121 participants were analyzed: 55 flower users (mean [SD] age 28.8 [8.1
years; 42% women) and 66 concentrate users (mean [SD] 28.3
[10.4] years; 48% women). Compared with the flower group, the
concentrate group reported more frequent current concentrate use and exhibited greater blood levels of THC and metabolites at baseline (reflective of greater and more long-term THC
exposure; Table 1). Most demographic variables did not differ
by potency level within each user group, indicating that random assignment to potency was successful.

Statistical Analysis

Repeated measures analyses of variance were conducted separately for cannabinoid blood levels, subjective intoxication, and
cognitive and balance performance across 3 assessments:
preuse, short-term postuse, and 1 hour postuse using the emmeans package in R (R Foundation). Baseline measures of the
relevant outcome were included as a covariate for each outcome. Removing baseline variables as covariates from the models did not change any of the patterns of significant or nonsignificant results. Linear and quadratic effects of time were tested
to examine the possibility of sustained and recovery effects.
Interaction effects tested whether linear and quadratic change
over time varied by form (flower vs concentrate) of cannabis
and THC potency within flower (16% vs 24%) vs concentrates
(70% vs 90%). Potency effects for all outcomes are reported
in eResults and eTables 1 and 2 in Supplement 2. Across all
analyses, when linear and quadratic effects of time were significant, we focused on the higher-order quadratic effect. Given
the number of outcomes tested, we set an a priori significance threshold of P < .01 (Table 2).

Results

Cannabinoids

The THC and 11-OH-THC levels exhibited significant quadratic
effects of time, such that levels peaked at the short-term postuse assessment and then dropped (Figure 1). After ad libitum
cannabis administration, mean plasma THC levels were 1016 (SE,
1380) μg/mL in concentrate users and (to convert to millimoles
per liter, multiply by 3.18) and 455 (SE, 503) μg/mL in flower
users. Participants in concentrates group exhibited consistently higher THC and 11-OH-THC levels. Further, there was a significant form by quadratic time interaction, with a simple effect test indicating that the concentrates group had higher
THC levels after short-term use but no effects of potency.

Subjective Drug Effects

Descriptive Information

A total of 64 participants (48.1%) in the flower group and 69
(51.9%) in the concentrates group completed the baseline and
experimental measures. Twelve participants were excluded
from analyses because of very low THC levels during the postuse assessment (THC, <60 μg/mL vs study mean [SD] of 761
E6

Acute postuse

The ARCI-M was moderately correlated with the 3-item
intoxication (r = 0.42) and POMS tension scales (r = 0.46).
Other correlations among subjective measures were weakly
significant (rs = 0.22-0.25). There was no correlation
between the POMS tension and vigor scales (r = −0.10;
P = .30). The predominant pattern of subjective intoxication
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Figure 2. Subjective Drug Effects After Use of Cannabis by Cannabis Form and Potency During Acute Mobile Laboratory Session
A Changes in the ARCI marijuana scale

Change in self-reported intoxication

B

3
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0
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C

D Change in self-reported positive mood

2.0

2.5
16% THC flower
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90% THC concentrate

2.0

POMS vigor

1.5
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1 h Postuse

Assessment

Change in self-reported tension

1.0

0.5

0
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1.5

1.0

0.5

Preuse

Acute postuse

1 h Postuse

0

Preuse

Assessment

Acute postuse

1 h Postuse

Assessment

Changes in the Addiction Research Center Inventory (ARCI) marijuana scale (A),
self-reported intoxication (average of feeling high, mentally stoned, and
physically stoned) (B), self-reported tension (Profile of Mood States [POMS]
tension subscale) (C), and self-reported positive mood (POMS vigor subscale)
(D) before cannabis use (preuse), immediately after cannabis use (acute
postuse), and 1-hour postuse. B, Baseline median, 0; range, 0 to 2. C, Baseline
median, 0; range, 0 to 2. D, Baseline median, 1; range, 0 to 4. The ARCI assessed
the endorsement rate of 12 subjective effects of cannabis (ie, range 0-1) (A). All
scales had a range of 0 to 4 (B-D). For form, dashed lines indicate flower groups

(16%, 24%) and solid lines indicate concentrate groups (70%, 90%). For
potency, blue lines indicate lower potency within each form (16% flower, 70%
concentrate) and orange lines indicate higher potency (24% flower, 90%
concentrate). The effect of cannabis use assessed by all 4 measures peaked
immediately after use and was generally sustained 1 hour postuse, indicated by
significant effects of quadratic change. Additionally, the flower group reported
higher levels of tension and vigor across all assessments, indicated by a main
effect of form (flower vs concentrates). THC indicates tetrahydrocannabinol.

and mood across assessments was quadratic, with all subjective measures peaking at short-term use and decreasing
thereafter (Figure 2). Specific to mood, on average participants reported experiencing tension not at all to a little, vigor
a little to moderately, and intoxication moderately to quite a
bit. There was a significant main effect of the form of cannabis with tension and vigor, with the concentrates group
reporting lower levels of tension and vigor. There were no
associations with potency.

better performance after use, potentially because of practice
effects46 (eFigure 1 in Supplement 2). There was a main effect
of form with inhibitory control, for which the flower group performed better across all assessments. There were no shortterm changes in inhibitory control after use and there was no
association with potency.

Neurobehavioral Performance
Cognition
There was a negative linear effect with delayed verbal recall
errors, suggesting poorer performance after use compared with
preuse (Figure 3). Conversely, there was a positive linear effect with inhibitory control and working memory, suggesting

Balance
For the eyes open condition, the quadratic effect across time
did not meet the a priori threshold for significance, but there
was a trend showing impaired balance after cannabis use that
normalized within an hour (eFigure 2 in Supplement 2). When
the eyes were closed and the reliance on proprioception was
greater, there was a significant quadratic effect of time with
balance, with sway associated with a short-term increase postuse and a decrease back to preuse levels 1 hour after use
(Reprinted) JAMA Psychiatry Published online June 10, 2020
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Figure 3. Cognitive and Motor Function After Use of Cannabis by Cannabis Form and Potency During Acute Mobile Laboratory Session
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A, Number of verbal recall errors on the International Shopping List Task (A) and
balance task performance with eyes closed (B) immediately before cannabis use
(preuse), immediately after cannabis use (acute postuse), and 1 hour postuse.
A, Baseline median = 0; range = 0 to 11. B, Baseline median = 0.6; range = 0.3
to 1.3. For form, dashed lines indicate flower groups (16%, 24%) and solid lines
indicate concentrate groups (70%, 90%). For potency, blue lines indicate lower
potency within each form (16% flower, 70% concentrate) and orange lines
indicate higher potency (24% flower, 90% concentrate). The number of errors

on the delayed verbal recall task increased in the flower and concentrate groups
over time. There was a marginal effect suggesting that acute cannabis
impairment was more pronounced in the flower group, which performed worse
than the concentrates group on the delayed verbal recall task. During the eyes
closed balance task, there was a quadratic effect of time with balance, with
sway increasing acutely after use and then decreasing back to original levels 1
hour after use. There were no balance differences observed between the
concentrate and flower groups. THC indicates tetrahydrocannabinol.

(Figure 3). While performance was poorer overall in the eyes
closed head back condition (eMethods in Supplement 2), there
was no change from preuse to postuse. These findings did not
differ by cannabis form or potency.

ferent. The observation that the concentrate users achieved
much higher THC blood levels (a mean [SD] of 1016 [1380] μg/
mL) but the same intoxication level as the flower users (who
had a mean [SD] of 455 [503] μg/mL) requires explanation. It
is possible that the concentrate users have much greater tolerance to the effects of THC. This is consistent with data suggesting that tolerance to the psychoactive effects of cannabis
is common with repeated exposure and in regular users.47,48
Another possibility is that cannabinoid receptors may become
saturated with THC (a cannabinoid receptor 1 partial agonist)
at higher levels, beyond which there is a diminishing effect of
additional THC.49 A third possibility is that there may be individual differences among users in terms of metabolism or sensitivity to cannabis that might be associated with genetics or
other preexisting biological differences.50,51 Future research is
needed to test these potential mechanisms.
In general, across most cognitive measures, acute performance changes following cannabis use were minimal. In 1 exception, delayed verbal recall performance was impaired after use, which is consistent with prior work demonstrating
reliable cannabis-associated impairment in this memory
domain.26
A unique aspect of this study is the inclusion of a measure of the short-term association of cannabis with balance,
as little research has explored the neuromotor effects of
cannabis.52-55 Immediately postuse, individuals in both groups
demonstrated a modest performance decrement on a moderately challenging balance task (quiet standing with no vision), and these short-term changes appeared to recover
within an hour. The degree of balance impairment (approximately 11% increase in sway with eyes closed from preuse to
postuse) found is consistent with prior balance effects of mod-

Discussion
Using an observational design with random assignment to a
potency condition, this study is the first to our knowledge to
address the association of naturalistic administration of legal
market cannabis flower and concentrates with subjective intoxication and mood, cognition, and balance in regular cannabis users. Compared with cannabis flower users, cannabis
concentrate users had higher plasma levels of THC and its active metabolite 11-OH-THC in the short term and overall (across
all assessments). However, despite this higher THC exposure, concentrate users did not show greater short-term subjective, cognitive, or balance impairment.
Compared with previous studies, THC blood levels after
legal market flower use were broadly higher than previous reports using lower potency forms, which typically fall between 160 to 380 μg/mL.21 Concentrate users showed strikingly higher levels of THC cannabinoids across all assessments
compared with previous reports. Notably, there was no withinform association of THC potency with blood levels, suggesting that within the flower and concentrate groups users may
be self-titrating to achieve similar levels of THC exposure as
the THC potency of their cannabis increases.20-22
Given the marked differences in THC blood levels between concentrate and flower users, it is interesting that the
self-reported levels of intoxication were not significantly difE8
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erate alcohol (eg, 0.05%-0.10% blood alcohol concentration56)
and lower-potency THC administration in regular users.57 These
results provide evidence that balance impairment could be a useful marker of recent cannabis use, even in regular users of highly
potent products who show tolerance to short-term cannabis use
in other domains. Similar to the use of a field sobriety test to
measure short-term alcohol intoxication, such a marker could
be useful for identifying potentially impaired drivers.57

other aspects of drug administration, such as participant masking to product potency. There are many complex interactions
between cannabinoid strength and ratio, characteristics of the
individual users (eg, modality of use, expectancies, and smoking topography), and the natural environment that were not
explicitly tested or accounted for in the present investigation
and are important directions for future work.

Limitations

Conclusions

Despite its strengths (eg, naturalistic design, inclusion of random assignment to multiple THC potency groups, and concentrate and flower cannabis users), ethical limitations preclude the random assignment of participants to the concentrate
or flower user conditions. Thus, there are pre-existing differences between these 2 groups that may partially account for
our findings. We also lack a placebo control, as such products
do not exist in the current legal market. Further, federal cannabis regulations restricted our ability to control dosing and
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